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Proton exchange membrane fuel cells (PEMFC) and direct methanol fuel cells 
(DMFC) are attractive power sources as they offer high conversion efficiencies with low 
or no pollution. However, the most commonly used platinum electrocatalyst is expensive 
and the world supply of Pt is limited. In addition, the slow oxygen reduction and 
methanol oxidation kinetics as well as the poisoning of the Pt catalyst at the cathode 
resulting from methanol permeation from the anode through the Nafion membrane to the 
cathode lead to significant performance loss. Also, the electrocatalyst utilization in the 
electrodes also needs to be improved to reduce the overall cost of the electrocatalysts and 
improve the fuel cell performance. This dissertation explores nanostructured Pt alloys 
with lower cost and higher catalytic activity than Pt for oxygen reduction in PEMFC to 
understand the effect of synthesis and structure on the catalytic activity, methanol tolerant 
Pt/TiOx nanocomposites for oxygen reduction in DMFC, nanostructured Pt-Ru alloys for 
 vii
methanol oxidation in DMFC, and improvement in the utilization of Pt by optimizing the 
membrane-electrode assembly (MEA) fabrication.  
From a systematic investigation of a series of Pt-M alloys (M = Fe, Co, Ni, and Cu), 
the catalytic activity of Pt-M alloys is correlated with the extent of atomic ordering. More 
ordered Pt alloys exhibit higher catalytic activity than disordered Pt alloys.  The higher 
activity of the ordered Pt alloys is found to relate to various factors including the Pt-Pt 
distance, Pt: 5d orbital vacancy, {100} planar density and surface atomic configuration.  
The catalytic activity of the Pt alloys is also influenced by the synthesis method. Low 
temperature solution methods usually result in smaller particle size and higher surface 
area, while high temperature routes result in larger particle size and lower surface area 
but with a greater extent of alloying.  
Pt/TiOx/C nanocomposites exhibit higher performance than Pt for oxygen reduction 
in DMFC. The nanocomposites show higher electrchochemical surface area, lower 
charge transfer resistance, and higher methanol tolerance than Pt. 
Pt-Ru alloy synthesized by a reverse microemulsion method exhibits higher 
catalytic surface area than the commercial Pt-Ru. The higher catalytic activity is 
attributed to a better control of the particle size, crystallinity, and microstructure. 
Membrane-electrode assemblies (MEAs) fabricated by a modified thin film method 
exhibit much higher electrocatalyst utilization efficiency and performance than the 
conventional MEAs in PEMFC. Power densities of 715 and 610 mW/cm2 are obtained at 
a Pt loading of, respectively, 0.1 and 0.05 mg/cm2 and 90 oC. The higher electrocatalyst 
utilization is attributed to the thin catalyst layer and a better continuity of the 
membrane/catalysts layer interface compared to that in the conventional MEAs. 
 viii
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1. 1 Introduction to fuel cells 
The depletion of fossil fuels and growing environmental concerns have created 
interest in the development of alternative power sources. Fuel cells are attractive in these 
regards as they offer higher efficiency with less pollution compared to other conventional 
power sources. 
 
Fig. 1.1 Comparison of the efficiency of various types of power sources.1 
Basically, a fuel cell is an electrochemical device that converts chemical energy 
directly into electricity, and therefore, it has higher energy conversion efficiency than 
other traditional power sources. The efficiencies of the various power sources are 
 1
compared in Fig. 1.1. Typically, hydrogen or other hydrocarbons are used as fuels for 
fuel cells. Fuel cells produce no pollution (when hydrogen is used as the fuel) or less 
pollution (when hydrocarbon is used as the fuel) compared to other power sources. In 
addition, fuel cells operate quietly, reducing noise pollution. Moreover, unlike a battery, 
which is an energy storage device, a fuel cell can operate continuously and generate 
electricity as long as the fuel is supplied. Because of these advantages, fuel cells can find 
extensive applications for portable electronic devices, automobiles, and stationary power 
generation. 





membrane fuel cell 
(PEMFC) 
Solid polymer < 100 Anode:  2H2  4 H+ + 4 e-
Cathode: O2 + 4H+ + 4 e-  2H2O 
Direct methanol fuel 
cell 
(DMFC) 
Solid polymer < 100 Anode:  CH3OH + H2O  CO2 + 6H+ + 6e- 
Cathode: 
3/2O2 + 6H+ + 6e-  3H2O 
Alkaline fuel cell 
(AFC) 
Aqueous solution 
of KOH soaked in a 
matrix 
90-100 oC Anode:     
H2 + 2OH-  2H2O + 2e-
Cathode:   
1/2O2 + H2O + 2e-  2OH-
 




acid soaked in a 
matrix 
175-200 oC Anode:  
2H2  4 H+ + 4 e-
Cathode: 
O2 + 4H+ + 4 e-  2H2O 
Molten carbonate fuel 
cell 
(MCFC) 




soaked in a matrix 
600-1000 oC Anode: 
 H2 + CO32-  H2O + CO2 + 2 e-
Cathode:  
1/2O2 + CO2 + 2 e-  CO32-
 




600-1000 oC Anode:    H2 + O2-  H2O + 2e-
Cathode:  1/2O2 + 2e-  O2-
Table 1.1 Characteristic of various types of fuel cells 
 2
There are several types of fuel cells. They differ mainly in the nature of the 
electrolyte used. Table 1.1 summarizes the basic characteristics of the various types of 
fuel cells. Since proton exchange membrane fuel cell (PEMFC) and direct methanol fuel 
cell (DMFC) are the main focus of this dissertation, they will be introduced in more 
detail. Other type of fuel cells will be introduced briefly.  
1.1.1 Proton exchange membrane fuel cells (PEMFC) 
The PEMFC uses a proton exchange membrane as the electrolyte and operates at 
temperatures normally less than 100 oC. The main components of PEMFC include 
membrane and electrodes (anode and cathode), and the basic principles involved in the 











Fig. 1.2. The basic principles of operation of PEMFC.  
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1.1.1.1 Proton exchange membrane 
Nafion membranes are the most widely used membranes in PEMFC, which are 
perfluorosulfonic acid membranes and are electrochemically stable in PEMFC at 
temperatures up to about 100 oC. The basic structure of Nafion polymer is as below:2
 
  -[(CF2 -CF2) n -CF2 -CF]-





where n = 6-10 and m ≥1.  Compared to other membranes such as polystyrene sulfonic 
acid that were initially used in PEMFC in the 1960s, Nafion membranes have the 
advantages of high specific conductivity and much longer lifetime.3 The advanced 
perfluorosulfonic acid membranes synthesized by the Dow Chemical Company and 
Asahi Chemical Company, which have shorter side chains and a higher ratio of SO3H to 
CF2 groups, exhibit significant improvement in the fuel cell performance.4   
One of the major problems with the perfluorosulfonic acid membranes such as 
Nafion is their high cost. Another problem is the methanol permeation from the anode to 
the cathode when methanol is used as the fuel, which will be discussed later in the direct 
methanol fuel cells section. Therefore, a lot of studies have been carried out to find 
alternative membranes. However, still the Nafion membrane is the state-of-the-art 
membrane for PEMFC. 
1.1.1.2 Electrodes and membrane-electrode assembly (MEA) 
PEMFC electrodes typically consist of a backing layer, gas diffusion layer, and 
catalyst layer. The backing layer is usually a carbon cloth or carbon paper. The gas 
diffusion layer is normally formed by spraying or brushing the mixture of carbon and 
 4
PTFE on the backing layer. The purpose of PTFE is to bind together the electrode 
particles and to aid in water management. The catalyst layer usually consists of a mixture 
of carbon supported electrocatalyst and PTFE formed on the gas diffusion layer by 
brushing or spraying. In order to increase the utilization of the electrocatalysts, the 
electrodes are normally impregnated with Nafion solution. For the same reason, Nafion 
instead of PTFE is often used to form the catalyst layer without the further Nafion 













Fig. 1.3 The typical structure of a MEA (not to scale).  
The membrane-electrode assembly (MEA) is typically formed by hot pressing the 
electrodes (anode and cathode) on both the sides of the membrane. The typical structure 
of a MEA is shown in Fig. 1.3. A fuel cell stack consists of several MEAs which are 
electrically connected in series by bipolar plates. The role of bipolar plates is to 
electrically connect the MEAs and physically separate the reactant gases. A schematic 
diagram of a 2-cell PEMFC stack is shown in Fig. 1.4. The MEA is the ‘heart’ of the 
PEMFC.  The structure and composition of the MEA is very important to minimize the 
overpotential and improve the performance of PEMFC.  In addition, the utilization of 
electrocatalysts can be improved by optimizing the structure of MEA. Moreover, the 
lifetime of PEMFC is closely related to the structure of MEA. Therefore, there has been a 









Fig. 1.4 Schematic diagram of a PEMFC stack. a: bipolar plate, b: gasket, c: electrode 
backing, and d: MEA. 
1.1.1.3 Electrode and electrocatalyst 
Anode: 
The electrocatalyst for hydrogen oxidation at the anode is usually carbon supported 
platinum. The hydrogen oxidation reaction is much easier compared to the oxygen 
reduction reaction, and therefore, its contribution to the overpotential is small.  However, 
the drawback with the hydrogen fuel is the difficulties related to the storage, 
transportation and infrastructure issues. To circumvent these issues, hydrogen could be 
generated in situ by reforming other fuels (methanol, propane, natural gas, etc.).5 The 
reformed fuel usually contains small amount of CO, which is difficult to remove.  The 
major problem for platinum electrocatalyst is its low tolerance to the CO impurity in the 
reformed H2 fuels; even as little as 10 ppm of CO present in the fuel can lead to 
unacceptable performance loss.6 This is due to the fact that CO is preferentially adsorbed 
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by the platinum electrocatalyst, preventing the dissociative adsorption of hydrogen on 
platinum and its subsequent ionization.7  
To overcome this problem, electrocatalysts that offer better CO tolerance than 
platinum are needed. Pt alloy electrocatalysts have been explored in recent years and Pt-
Ru and Pt-Mo show slightly better tolerance to CO than Pt.8, 9 Another approach that has 
been investigated recently is oxygen bleeding into the fuel. This technique involves an 
injection of 0.4-2 % O2 into a CO contaminated hydrogen stream to rapidly oxidize the 
CO adsorbed on the platinum electrocatalst.6 However, there are several drawbacks with 
this approach. One of them is that it cannot be used for higher concentrations of CO in 
the fuel stream. The third strategy that has been pursued is to increase the PEMFC 
operating temperature.10 This is based on the fact that the strength of CO adsorption on 
platinum decreases quickly with temperature and therefore, the CO tolerance of platinum 
increases with temperature.  It has been well demonstrated that the level of CO tolerance 
in phosphoric acid fuel cells is about 1% at 200 oC.3 However, it is a challenge for the 
PEMFC to operate at such high temperatures. This challenge mainly comes from the 
intrinsic characteristics of the perfluorosulfonic acid membranes such as Nafion, whose 
proton conduction mechanism requires complete hydration. Currently, a lot of studies are 
being carried out to find new membranes for PEMFC to operate in the temperature range 
of 120-200 oC. 
Cathode: 
The electrocatalyst for oxygen reduction at the cathode of PEMFC is usually 
platinum or platinum alloys. Compared to the hydrogen oxidation reaction at the anode of 
PEMFC, the oxygen reduction reaction at the cathode is much slower. The exchange 
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current density (i0) for oxygen reduction is about 106 times lower than that of hydrogen 
oxidation; the exchange current density for oxygen reduction is about 10-9 A/cm2 and that 
for hydrogen oxidation is about 10-3 A/cm2. For this reason, the overpotential in PEMFC 
is largely due to the slow oxygen reduction kinetics at the cathode. In addition, around 
half of the overpotential for oxygen reduction at the cathode is due to the loss at open 
circuit. Although the theoretical potential is 1.23 V for oxygen reduction, the actual 
potential that is observed in PEMFC is usually around 1.0 V. The reason for this 
difference is the low exchange current density for oxygen reduction and some competing 
anodic reactions (oxide formation, oxidation of organic impurities), which cause a mixed 
potential. There are several factors that contribute to the slow kinetics of the oxygen 
reduction reaction: (i) the strong O-O bond and highly stable Pt-O or Pt-OH species 
formed on the Pt surface, (ii) slow kinetics for a four electron transfer reaction, and (iii) 
the possible formation of a partially oxidized peroxide species (H2O2). 
Oxygen reduction is a multielectron process that may include a number of 
elementary steps involving various series-parallel pathways. Due to its complexity, even 
after over 50 years of research, there is still no conclusive mechanism for the 
intermediates and answer for the rate determining steps.  It is generally accepted that the 
dissociative adsorption of O2 is the rate-controlling step.11 There are generally three 
plausible models for O2 adsorbed on metal surface2 as shown in Fig. 1.5.  The bridge 
model, proposed by Yeager,1 is principally for the reaction on Pt based metals. According 
to the bridge model, the lateral adsorption of oxygen requires two adsorption sites with 
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Fig. 1.5.  Models for O2 adsorbed on metal sites.2duction involving a dual-site mechanism with lateral adsorption (i.e., 
 nearest neighbor distance (dnn) should play an important role. 
h optimal dnn would provide rapid adsorption and O-O bond rupture. 
lateral adsorption may be restricted and dissociation may occur prior 
he other hand, at a smaller dnn, the adsorption may be retarded by 
e oxygen adsorption on metal is related to the number of unpaired 
d vacancy.2 This is because each oxygen atom requires one electron 
nd to form a bond in the adsorption process.  Therefore, high oxygen 
d to occur on metals with a high number of unpaired electrons. Also, 
of adsorbed oxygen is related to the d-band vacancy. Since the 
tion of O2 is the rate-determining step in the oxygen reduction 
d vacancy is an important factor in the reduction kinetics.  Past 
t based electrocatalysts show a volcano type relation between the 
vity and Pt:5d orbital vacancy, indicating oxygen reduction is more 
 d-band vacancy. Volcano type relation, proposed by Balandin to 
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describe the results in electrocatalysis, refers to the electrocatalytic activity increases to a 
maximum and then decrease with the change in the physiochemical properties of 
catalysts.  
1.1.2 Direct methanol fuel cells (DMFC) 
There is a lot of interest in the development of direct methanol fuel cells (DMFC) 
due to the advantages of DMFC: (i) DMFC uses liquid methanol as the fuel, and 
therefore, the fuel-processor sub-system to produce hydrogen on-board in vehicles can be 
eliminated, which will significantly increase the gravimetric and volumetric power and 
energy densities of the power source, (ii) methanol is a liquid fuel with high gravimetric 
and volumetric energy density,  and (iii) DMFC is an ideal portable power source for 








Fig. 1.6. The basic principle of operation of DMFC.  
batteries currently used for these applications, DMFC offers considerably higher energy 
density.  However, the successful development of this technology will largely depend on 
the solutions to several problems: (i) the slow kinetics of methanol oxidation at the anode 
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and (ii) methanol permeation from the anode through the Nafion membrane to the 
cathode, which depolarizes the oxygen reduction at the cathode and causes significant 
overpotential. The basic principles of operation of DMFC is shown in Fig. 1.6. 
1.1.2.1 Membrane 
Similar to the case with PEMFC, Nafion membrane is still the most commonly used 
electrolyte for DMFC. However, as mentioned before, the high methanol permeation 
through the Nafion membrane causes significant performance loss at the cathode. 
Approaches that have been pursued in the past include (i) optimization of operating 
conditions by using a lower concentration of methanol and operating at slightly higher 
current density,12 and (ii) development of Nafion-Oxide composite membranes or new 
membranes that can suppress the methanol permeation.13,14
1.1.2.2 Electrode and electrocatalyst 
As can been seen from Table 1.1, the cathode reaction is basically the same as that 
of PEMFC, but the anode reaction is methanol oxidation. The mechanism for methanol 
oxidation is far from established, but it can be generally viewed in terms of two basic 
functionalities: (i) electrosorption of methanol onto the substrate and (ii) addition of 
oxygen to absorbed carbon-containing intermediates to generate CO2. As mentioned 
before, there is considerable overpotential in DMFC from methanol oxidation at the 
anode. The slow reaction kinetics of methanol oxidation is due to several factors: (i) the 
six-electron transfer process involved in methanol oxidation and (ii) the adsorption of the 
reaction intermediate (CO) on the surface of the electrocatalysts and the associated 
poisoning of the electrocatalyst. Pt-Ru alloy is the state-of-the-art anode electrocatalyst 
for DMFC, which shows significantly higher electrocatalytic activity than pure Pt. The 
reason for the higher electrocatalytic activity of Pt-Ru compared to Pt is generally called 
“bifunctional mechanism”,15 which (i) involves the modification of the Pt electronic 
properties such as the 5d band vacancy and the alteration of the electrosorption behavior 
of methanol, and (ii) provides oxygen in “active” form to facilitate the oxidation of 
chemisorbed CO. 
As can be seen, further performance improvement in DMFC will largely depend on 
the development of more active, methanol tolerant electrocatalysts and new membranes 
that can reduce the methanol crossover in DMFC.  
1.1.3 Other type of fuel cells 
1.1.3.1 Alkaline fuel cells (AFC) 
 












The alkaline fuel cells (AFC) have been used in space applications. For example, 
they have been used in the NASA’s Apollo missions in the 1960s and space shuttle 
flights in the 1970s and the 1990s. AFC use pure hydrogen and oxygen as reactants. AFC 
operate at temperatures between 90-100 oC and employ KOH as the electrolyte, typically 
in a stabilized matrix. The basic principle of operation of AFC is shown in Fig. 1.7. 
The advantage of the use of alkaline electrolyte in AFC is that noble metal 
electrocatalysts are not necessary to achieve high performance unlike with the acid 
electrolytes.  However, the challenge for AFC is the cost and difficulties to completely 
remove CO2 from the anodic and cathodic gas streams before they enter the 
electrochemical cell stack. Even a small amount of CO2 in the air is sufficient to form 
carbonate with the electrolyte and solid deposits in the porous electrode.  
1.1.3.2 Phosphoric acid fuel cells (PAFC) 
Phosphoric acid fuel cells (PAFC) have been mainly used for electricity generation 
for utility applications. PAFC is normally operated between 175-200 oC with liquid 
phosphoric acid as the electrolyte typically soaked in a silicon carbide matrix. Since 
PAFC use acid as the electrolyte, the electrode reactions are the same as those in PEMFC 
(Table 1.1). PAFC normally uses platinum as the electrocatalysts in both the anode and 
cathode. 
The advantage of PAFC is its relatively higher operating temperature. Therefore, 
unlike PEMFC, PAFC is more tolerant to CO (up to 2%). Also, higher temperature 
improves the oxygen reduction kinetics at the cathode. However, water management can 
be a problem since a liquid electrolyte is used. The use of a hydrophobic backing layer 
and the proper amount of PTFE within the catalyst layer is critical to achieve good 
performance. Also, there could be a problem of liquid electrolyte leakage over time. 
1.1.3.3 Molten carbonate fuel cells (MCFC) 
Molten carbonate fuel cells (MCFC) are mainly used for electricity generation for 
utility applications. The electrolyte is the melt of either potassium or sodium carbonate 
and lithium carbonate, usually stabilized by either an alumina or ceria based matrix. The 










Fig. 1.8 The basic principle of operation of MCFC. 
 
Since MCFC typically operates at 650 oC, less expensive non-noble metal 
electrocatalysts can be used. The anode electrocatalyst is typically Ni/Cr alloy and the 
cathode electrocatalyst is NiO. Additionally, the high operating temperature also allows 
for the internal reforming of methane. However, the problem associated with the high 
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operating temperature is the thermal degradation, sealing issues and thermal expansion 
mismatch among the various components. 
1.1.3.4 Solid oxide fuel cells (SOFC) 
Solid oxide fuel cells (SOFC) are attractive for electric utility and industrial 
applications. Typically, SOFC operates above 900 oC and employs yttria-stabilized 
zirconia (YSZ) as the electrolyte, which conducts oxide ions. The basic principles of 











Fig. 1.9 The basic principle of operation of SOFC. 
 
The advantage of the use of solid electrolyte in SOFC is that, unlike liquid 
electrolytes, it will not leak. Also the high operating temperature results in better 
electrode reaction kinetics, allowing the use of less expensive non-noble electrocatalysts.  
Strontium-doped lanthanum manganite is typically used as the cathode electrocatalyst 
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and nickel stabilized zirconia cermet is used as the anode electrocatalyst. In addition, the 
high temperature makes the internal reforming of fuels as well as the direct oxidation of 
fuels possible. However, like in MCFC, the materials degradation issues associated with 
the high operating temperatures are the major disadvantage of SOFC. 
1.2 Review of electrocatalysts for PEMFC and DMFC 
As can been seen from the above discussion, PEMFC and DMFC are the most 
promising candidates for portable and transportation applications due to their lower 
operating temperature. However, one of the major problems for their low temperature 
operation is the slow electrode kinetics. Platinum, which is commonly used as the 
electrocatalysts, is expensive and the electrocatalytic activity for oxygen reduction still 
needs to be improved. Moreover, the condition becomes even worse when methanol 
permeates from the anode to the cathode in DMFC. In addition to the slow oxygen 
reduction reaction kinetics at the cathode of DMFC, the methanol oxidation reaction at 
the anode also leads to large polarization losses.  In order to improve the performance of 
PEMFC and DMFC and reduce the cost of electrocatalysts, alternate electrocatalysts to 
platinum have been explored for oxygen reduction and methanol oxidation in recent 
years. Basically, they can be classified into two categories: Pt based and non-Pt based 
electrocatalysts. 
1.2.1 Electocatalysts for oxygen reduction reaction (ORR) 
1.2.1.1 Non-Pt based electrocatalysts 
(1) Transition metal oxides 
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Various metal oxides have been investigated for ORR in the literature. These oxides 
have various structures: (i) amorphous (e.g., Na0.1MnO1.9616) (ii) spinel (e.g., NixCo3-xO4 
17and MnxCo3-xO418), (iii) perovskite (e.g. La1-xCaxCoO319), and (iv) pyrochlore (e.g. 
Pb2Ru2-xPbxO7-y and Bi2Ru2-xBixO7-y20-22). Most of these oxides were investigated in 
alkaline electrolyte and many of them show good electrocatalytic activity for ORR. 
However, relatively a few of them have been explored for ORR in acid electrolyte. For 
example, Ru-oxide pyrochlores such as Pb2Ru2-xPbxO7-y and Bi2Ru2-xBixO7-y were first 
identified by Horowitz et al. as active catalysts for ORR in alkaline solution.20 These 
pyrochlores have metallic conductivity, and so they can be used as self-supported 
catalysts.22 However, investigations have also shown that they may not be quite stable in 
acid electrolyte. Later, it was shown that the stability of these pyrochlores could be 
improved by bonding to a proton exchange membrane.21 CrO2 has also been explored for 
ORR in both alkaline and acid solution.23 It was found that although CrO2 shows 
electrocatalytic activity in alkaline solution and that the stability of CrO2 can be improved 
by bonding to a proton exchange membrane, the electrocatalytic activity of CrO2 is 
completely suppressed in acid electrolyte with pH < 4.   
As can be seen, while many oxides show considerable activity for ORR in alkaline 
electrolyte, they are still difficult to be directly used in PEMFC and DMFC. Usually these 
oxides are much less active for ORR in acid electrolyte compared to that in alkaline 
electrolyte. Also, the long term stability of these oxides in acid electrolyte is yet to be 
established. Actually, metal oxides have been commonly used in alkaline electrolyte fuel 
cells and solid oxide fuel cells, where the ORR kinetics is more facile and the oxides are 
more stable compared to that in the acid electrolyte. 
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(2) Metal-containing macrocyclic compounds 
This type of compounds has been investigated for ORR in the past years with a 
focus on non-noble metal macrocyclic compounds. The most efficient materials are CoN4 
or FeN4 chelate compounds such as phthalocyanines, porphyrins, and tetraazaannulenes 
adsorbed on carbon blacks.24 Usually, these macrocyclic compounds are not stable in acid 
electrolyte, which has been attributed to the chemical destruction of the catalytic site by 
H2O2 generated during the reduction of oxygen. It was found that the stability of these 
electrocatalysts can be improved by heat-treatment.25 Gojkovic et al.26 studied heat-
treated iron (III) tetramethoxyphenyl porphyrin chloride supported on carbon for ORR in 
both alkaline and acid electrolytes. It was found that the catalytic activity of this catalyst 
increases with heating temperature, reaching a plateau at 700-1000 oC.  The activity of 
these heat-treated catalysts show catalytic activity similar to Pt in alkaline electrolyte, but 
these catalysts are significantly less active than Pt in acid electrolyte. This type of 
electrocatalyst has also been investigated in PEMFC recently. For example, Lalande et 
al.27 have synthesized tetracarboxylic cobalt phthalocyanies (CoPcTc) supported on 
carbon and tested in PEMFC. They found that the most active CoPcTc catalysts are those 
after heat-treatment in Ar between 500 and 700 oC. However, short term life tests showed 
that those most active catalysts heated between 500 and 700 oC are not stable. The 
stability can be improved by heating at higher temperature (900oC), but the activity 
decreases compared with those heated between 500 and 700 oC. In addition, the catalytic 
activity of these catalysts for ORR is much less than that of commercial carbon supported 
platinum. 
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(3) Chevrel phase-type compounds 
This type of electrocatalysts usually have the stoichiometry of Mo6-xMxX8 (M = 
transition metal and X = chalcogen). The study with these electrocatalysts in acid 
electrolyte for ORR showed that the oxygen reduction occurs directly to H2O with a four-
electron process, indicating good catalytic nature of this type of material.28 Past 
investigations also reveal that the catalytic activity of these materials for ORR in acid 
electrolyte is comparable to that of platinum.29  In addition, these electrocatalyts have 
good long-term stability in acid electrolyte.30 Therefore, this type of electrocatalysts has 
attracted a lot of interest; however, the significant drawback is the difficulties to 
synthesize them. For example, they are usually synthesized at high temperatures with 
high pressure,29 and have a very narrow formation range in the region of 1500 oC.30 
Although low temperature synthesis of these materials has been explored by Alonso-
Vante et al.31 and the compounds produced by this low temperature procedure are 
thought to be related to the Chevrel phases, a later study32 reveals that other stable or 
metastable phases rather than Chevrel phase are formed.  
(4) Transition metal sulfides 
Kishi et al.33 investigated several transition metal sulfides for ORR and found NiS 
is relatively more active than other samples. Later, it was found that the metal sulfides 
AxByS (A = Mo, W, and Re and B = Ru, Rh, and Os) exhibit electrocatalytic activity 
toward ORR in acid electrolyte. For example, Reeve et al. 34 prepared a range of 
transition metal sulfide electrocatalysts and evaluated in sulfuric acid solution and in 
DMFC and found that Mo2Ru5S5 exhibits the best performance among all the samples. 
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However, the performance is still significantly lower than that of platinum. Later, the 
same group investigated transition metal sulfides based on MRu5S5 (M = Rh or Re) for 
ORR in DMFC.35 Although these catalysts show more tolerance to methanol, the 
performance is still worse than that of platinum.  
(5) Ruthinium-based chalcogenides 
Schmidt et al.36 investigated the ORR kinetics of the transition metal chacogenide 
Ru1.92Mo0.08SeO4 in H2SO4 solution with and without methanol. While this catalyst 
exhibits 100% methanol tolerance in contrast to platinum, its catalytic activity is 
significantly lower than that of platinum. This is because the intrinsic catalytic activity of 
platinum for ORR is one or two orders of magnitude higher than that of this catalyst.   
(6) Metal carbide 
There are several reports regarding the investigation of metal carbides for ORR in 
acid electrolyte.37  But this kind of materials usually show low catalytic activity for ORR 
in acid electrolyte. 
In summary, non-Pt electrocatalyts show less catalytic activity than that of platinum 
in acid electrolyte; also, the long term stability of these catalysts is yet to be established. 
However, the major advantages with these catalysts are their lower cost and tolerance to 
methanol. Therefore, recent investigations on these catalysts are more focused on their 
potential application in DMFC.  However, up to now, the performance of these catalysts 
in DMFC is still lower than that of platinum. Also, long term stability could be an issue 
for these catalysts. 
1.2.1.2 Pt based electrocatalysts 
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(1) Pt alloys 
The development of less expensive electrocatalysts than platinum for oxygen 
reduction has been the subject of extensive research for a number of decades.  The drive 
for this effort is to make PEMFC or DMFC less expensive and competitive with other 
power sources. The initial drive for the investigation of Pt alloys is to find more active 
electrocatalysts than Pt for PAFC. In the early 1980s, Ross38 and Landsman39 
investigated the ORR of various Pt-M alloys (M = the first-row transition metal) in 
phosphoric acid and found enhanced catalytic activity compared to Pt. In their study, the 
alloys were found to show Pt3M ordered structure. After that, many authors have 
prepared various Pt3M type alloy catalysts and tested them in PAFC. The earliest 
patents40, 41 describe Pt alloyed with Ti, V, Mn, Mo, and Al with the preferred metal M 
being V for phosphoric acid fuel cells. The later patents42- 45 describe that the most active 
alloys are Pt-Cr and Pt-Fe, which are more active than Pt-V in phosphoric acid. Watanabe 
et al.46 reported that an ordered Pt-Co alloy shows higher activity than Pt and disordered 
Pt-Co alloys in phosphoric acid.  Also, ternary alloys have been prepared for PAFC. Pt-
Co-Cr alloys were one of the most favored combinations for ORR in PAFC47, 48 and they 
also exhibit good stability.49
The evaluation of Pt alloys in PEMFC has been carried out by Mukerjee et al. in the 
early 1990s.50 In their study, various binary PtM (M = Ni, Cr, Co) alloys with Pt3M 
ordered structure were found to show catalytic activity enhancement for ORR in PEMFC. 
The Pt-Cr alloy shows the best performance among all the samples. Stability tests show 
that the Pt alloys exhibit good stability up to 400 ~1200 hours. Later, Shim et al.51 
prepared Pt-Fe-M (M = Cr, Mn, Co, Ni, Cu) ternary alloys and tested in PEMFC. In their 
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study, all the alloys show higher catalytic activity than Pt with Pt-Fe-Co showing the best 
performance. Recently, Pt-V alloy catalysts have also been investigated by Antolini et 
al.52 in PEMFC and ordered Pt-V has been found to show catalytic activity enhancement. 
The evaluation of Pt alloys in DMFC has been reported recently by Neergat et al.53 In 
their study, various binary PtM (M = Co, Cr, Ni) and ternary Pt-Co-M (M = Cr, Ni) 
alloys were prepared and Pt-Co and Pt-Co-M (M = Cr, Ni) were found to show ordered 
structures while Pt-Cr and Pt-Ni were found to show disordered structures. The ordered 
Pt-Co exhibits the best performance among all the samples evaluated. Later, Shukla et 
al.54 prepared Pt-Fe alloys and tested in DMFC. The ordered Pt-Fe alloy shows higher 
catalytic activity for ORR than Pt in DMFC. 
One area of interest in the past investigations is the catalytic activity enhancement 
on alloying Pt with other transition metals. One of the first investigations of Pt alloys in 
phosphoric acid55 found that the catalytic activity of Pt alloys correlate to Pt-Pt 
interatomic distance. It was shown that the lattice contraction resulting from alloying 
leads to more favorable Pt-Pt distance for ORR.  All the Pt alloys mentioned above are 
dispersed on carbon support. However, a later study by Glass et al.56 with bulk Pt-Cr 
alloys in phosphoric acid shows there is no ORR activity enhancement for Pt alloys 
compared to Pt. This indicates that the electrochemical properties of bulk and supported 
alloy catalysts may be different.  The study by Ross et al.57 with supported PtCo alloy 
reveals that the particle termination, primarily at the {100} planes, may be the reason for 
the enhanced catalytic activity for ORR since {100} planes are more active for ORR than 
other planes such as {111} planes. Paffett et al.58 attributed the enhanced catalytic 
activity of the Pt alloys for ORR in phosphoric acid to the surface roughness effect, 
brought by the dissolution of non-noble alloying element. However, this is contrary to the 
observation that the supported Pt alloy catalysts are able to retain the non-noble alloying 
element in PAFC and PEMFC48 even for 6000-9000 hours. The activity enhancement of 
the Pt alloys compared to Pt by the surface roughness effect was also disputed by a later 
report.59 A more recent study of binary PtM (M = Cr, Mn, Fe, Co, Ni) alloy catalysts by 
Mukerjee et al.60 using X-ray adsorption spectroscopy (XAS) indicate the following: 
           (i) The Pt alloys have higher Pt d-band vacancies than that in Pt. 
(ii) There is a contraction of Pt-Pt distance resulting from the alloying of Pt with 
other transition metals.  
(iii) Correlation of catalytic activity for ORR with Pt-Pt distance and Pt d-band 
vacancy indicates that there exists an optimal Pt-Pt distance and Pt d-band vacancy 

















































Fig. 1.10 Correlation of catalytic activity of Pt alloys to Pt-Pt bond distance and d-
orbital vacancy in Pt (adapted from reference 62). 
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Recent studies on Pt alloys by Arico61 and Shukla62 et al. with X-ray photoelectron 
spectroscopy (XPS) indicate that the more active Pt alloys have less oxide components 
and more active-Pt sites on the surface. As can be seen, in spite of many studies, the 
reasons for the catalytic activity enhancement of Pt alloys have not been fully established. 
An interesting observation with Pt alloys is that the ordered Pt alloys show higher 
catalytic activity. Glass et al.56 found an ordered Pt-Cr alloy with the Pt3Cr structure to 
exhibit higher catalytic activity than the disordered Pt-Cr. Similar results have been 
reported by Watanabe et al.46 for Pt-Co alloys with PtCo ordered structure. Later 
investigation shows that the same conclusion exists for Pt-V52 and Pt-Fe-Cu63 alloys as 
well. However, in most of these investigations, only one composition and one type of Pt 
alloy have been compared and most of the studies were in phosphoric acid. The study of 
alloy catalyst under PEMFC conditions is rather limited in the literature. In addition, 
although this observation has been reported by several authors, a systemic study 
concerning the reasons for this observation is lacking in the literature. 
One important issue in electrocatalysts is the preparation method. Different 
preparation methods may result in different particle sizes and surface compositions. Past 
investigations on the catalytic activity of Pt particles for ORR in phosphoric acid have 
demonstrated the “particle size effect”, shown in Fig. 1.11. It describes that the catalytic 
activity of Pt varies with the particle size. A study by Kinoshita64 shows that the mass 
activity (MA), defined by the current (A) at a given potential per unit weight of Pt (g), 
increases initially, reaches a maximum at a particle size of around 3 nm, and then 
decreases with the particle size of Pt.  On the other hand, because electrocatalysis is a 














Fig. 1.11 Effect of particle size on the catalytic activity of Pt/C.3 
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including Pt-Cr, Pt-Cr-Cu alloys and Pt. Recently, Pt/TiO2 has been investigated in 
PEMFC and it shows better performance than that of Pt.67   
1.2.2 Electocatalysts for methanol oxidation 
 1.2.2.1 Non-Pt based electrocatalysts 
(1) Tungsten carbides 
Tungsten carbides have been reported to show promising electrochemical properties 
for methanol oxidation and that the chemical properties of these materials resemble that 
of Pt group metals. Recent studies on the decomposition of methanol on W(111), carbide 
modified W(111), and oxygen and carbide modified W(111) surfaces indicate that WC 
surfaces are active toward the decomposition of methanol.69 However, systemic 
electrochemical studies have rarely been reported and the potential applications of these 
catalysts in DMFC are yet to be established. 
(2) Co-W alloys 
Recently, Co-W alloys have been explored for the application of methanol 
oxidation in fuel cells.70 The Co-W alloys were prepared by an electroplating method and 
they exhibit good corrosion resistance in acidic and alkaline media. Heat-treatment at 700 
K has been found to improve the catalytic activity. However, the methanol oxidation 
activity is still low for fuel cell applications. 
(3) Perovskite-type oxides 
Perovskite-type oxides have been investigated for methanol oxidation. For example, 
perovskite-type oxides such as La0.9Sr0.1CoO3, LaCoO3, NdCoO3, SmCoO3, etc.71 have 
been prepared and tested for methanol oxidation in H2SO4 solution with methanol. 
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Although theses catalysts exhibit catalytic activity for methanol oxidation, the 
performance is too low for the DMFC application. 
(4) Rare earth cuprates 
A series of rare earth cuprates with an overall composition of La2-xAxCu1-yMyO4-z 
(where A = Sr, Ca and Ba, M = Ru and Sb, x = 0.0-0.4, and y = 0.1) has been 
investigated for methanol oxidation.72 These materials show better tolerance towards 
poisoning by the intermediates of methanol oxidation compared to platinum. However, 
the catalytic activity of these materials is still significantly less than that of Pt. 
1.2.2.2 Platinum based electrocatalysts 
(1) Pt alloys 
Pt alloys have been extensively studied for methanol oxidation. They are the most 
active electrocatalysts for methanol oxidation to date. Various PtM (M = Ru, Sn, Os, Ir, 
Mo, W, Cu, Zn, Cd,  In, Ti, Cr, Mn, Fe, Co, and Ni) alloys have been investigated in the 
literature and Pt-Ru alloy shows the best catalytic activity for methanol oxidation.73  In 
addition, the catalytic activity of Pt-Ru alloy depends on the preparation methods.74 
Therefore, different preparation methods 73-76 have been investigated in the literature in 
order to further improve the catalytic activity of Pt-Ru. 
There are still controversies about the particle size effect of Pt for methanol 
oxidation. Attwood et al.77 found the optimal particle size for Pt is 3 nm. Watanabe et 
al.,78 however, did not find a particle size effect and according to them, the specific 
activity for methanol oxidation seems to be the same for all Pt particle size. More recent 
studies by Frelink and Kabbabi et al.79,80 show that the specific activity significantly 
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decreases with the decrease of particle size below 4.5 nm.  It was also pointed out81 that 
the particle size effect on supported catalyst is related to the preparation methods and 
carbon support, which may result in differences in metal-support interaction. Mukerjee et 
al.82 found there is an inhibition of methanol oxidation on Pt with particle size below 5 
nm due to the strong adsorption of OH and CO species on the Pt surface.  
(2) Pt (or Pt alloy)/oxide composites 
Various Pt/oxide composites have been investigated in the literature.  For example, 
Pt/WO383 and Pt/MoOx84 have been evaluated for methanol oxidation and they exhibit 
higher electrocatalytic activity than Pt. Incorporation of oxides to binary Pt-Ru alloy has 
also been studied. For example, Pt-Ru/MoO3, Pt-Ru/VOx, and Pt-Ru/WOx85 have been 
prepared and evaluated in a mixture of methanol and H2SO4. These composites show 
lower polarization for methanol oxidation than Pt-Ru, with Pt-Ru/VOx exhibiting the best 
performance among all the samples. 
(3) Incorporation of Pt onto perovskite type oxides 
Incorporation of Pt onto an oxide surface has been studied in the literature. For 
instance, Pt-incorporated perovskite type oxides such as SrRu0.5Pt0.5O3, PbRu0.5Pt0.5O3, 
have been investigated in H2SO4 with methanol, and they show considerable activity for 
methanol oxidation.71 However, the activity is low compared to that of Pt-Ru.  
In summary, despite nearly three decades of research, up to now the most active 
electrocatalysts for methanol oxidation is Pt-Ru based alloys or composites, which are 
expensive. Non-Pt based electrocatalyts are less expensive, but the catalytic activity for 
methanol oxidation is low compared to that of Pt based electrocatalyts.  
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1.3 Choice of electrocatalysts for PEMFC and DMFC 
There are several criteria for the choice of electrocatalysts for PEMFC and DMFC: 
 (i) the electrocatalysts should be stable in the operating condition of PEMFC and 
DMFC, which use acidic electrolyte and usually operate at < 100 oC,  
(ii) the electrocatalysts should be active enough for application in PEMFC and 
DMFC,  
(iii) cost is also a practical issue for the commercialization of PEMFC and DMFC. 
At this stage, the most promising electrocatalysts for oxygen reduction for PEMFC 
and DMFC are Pt alloy catalysts, which offer higher catalytic activity and lower cost than 
Pt. It has been reported that the efficiency of PEMFC could be improved by 2% using Pt 
alloy catalysts.86 On the other hand, to date, there are no other non-Pt catalysts that are 
more active than Pt in acidic conditions, and their long-term stability has to be 
established.  
Similarly, up to now, the most promising electrocatalysts for methanol oxidation in 
DMFC are Pt-Ru based alloy or composites. The activity of non-Pt based catalysts is not 
encouraging enough for application in DMFC, and their long-term stability is also an 
issue for this application.  
Nevertheless, the investigation of alternative electrocatalysts to Pt is worthy of 
efforts, considering the cost of Pt and its limited supply. However, it is a challenge for 
application in the fuel cells operating at low temperature with acidic electrolyte. 
1.4 Utilization of electrocatalysts 
While the development of much more active electrocatalysts is important, it 
represents a significant challenge. As an alternative strategy, studies have also been 
carried out to improve the utilization of Pt, the most commonly used electrocatalyst. 
Ideally, all the electrocatalysts in the active layer of the electrodes of fuel cell would be 
active for the electrode reaction. For this to happen, the fuel or oxidant should react at the 
interface of the electrocatalysts and proton conductor (normally Nafion). This is known 
as the three-phase reaction zone. However, the commonly used method to prepare the 
catalyst layer in the electrodes of PEMFC and DMFC leads to up to 90% of the 
electrocatalyst atoms in the electrode to be inactive (Fig. 1.12).87 This is not desirable, 















Fig. 1.12 Utilization of Pt in conventional electrode of PEMFC.87 Solid 
circles represent active Pt and open circles represent inactive Pt. 
Various methods, therefore, have been explored to improve the utilization of the 
electrocatalysts and reduce the electrocatalyst loadings. The initial Pt loading in PEMFC 
was 4 mg/cm2 for application in the Gemini space flight. Several inventions have resulted 
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in a reduction of Pt loading by 10 times to 0.4 mg/cm2: (i) use of Pt supported on high 
surface area carbon, (ii) impregnation of electrodes by Nafion electrolyte, and (iii) 
reduction in the thickness of the active layer by using 20% instead of 10% Pt in the 
carbon supported Pt catalysts. Later, it has been found that treating the electrodes in 
boiling water or steam also improves the utilization of platinum.88 Reduction of platinum 
loading has also been achieved by deposition of thin active layers of the supported 
electrocatalyst and proton conductor on uncatalyzed electrode or on the proton 
conducting membrane,89, 90 or by sputter-depositing a thin layer of Pt on an uncatalyzed 
gas diffusion electrode.91  
As can be seen, optimization of electrode structure is very important to improve the 
utilization of electrocatalysts. It is also critical to improve the performance of fuel cells. 
1.5 Dissertation objectives 
PEMFC and DMFC are attractive power sources. They are promising candidates for 
portable power sources, electric vehicles, and stationary power sources. However, the 
most commonly used electrocatalyst, platinum, is expensive and the world supply of Pt is 
limited. In addition, the oxygen reduction kinetics on Pt is still slow, which leads to 
performance loss. Also, methanol permeation from the anode through the Nafion 
membrane to the cathode poisons the cathode electrocatalysts, which results in further 
performance loss.  Moreover, methanol oxidation on Pt based electracatalysts is slow and 
further improvement in the catalytic activity is needed. In addition to improving the 
catalytic activity, improvement in the electrocatalyst utilization is also an important issue 
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to reduce the overall cost of the electrocatalysts and improve the performance of the fuel 
cell. 
The objectives of this dissertation are to improve the (i) oxygen reduction kinetics 
in PEMFC, (ii) tolerance of electrocatalysts to methanol at the oxygen reduction 
electrode in DMFC, (iii) methanol oxidation kinetics in DMFC, (iv) and utilization of 
electrocatalysts. 
With the above objectives, first, novel solution-based, soft chemistry methods are 
explored with an aim to synthesize nanostructured Pt alloys with high catalytic activity 
for oxygen reduction in PEMFC. The electrocatalysts prepared are evaluated in half cells 
with liquid electrolyte and in PEMFC with solid polymer electrolyte. Second, the 
relationship between structure and catalytic activity of Pt alloys are systematically 
investigated. In this regard, the atomic ordering and its relation to catalytic activity are 
especially focused on. Third, methanol tolerant Pt composites for oxygen reduction in 
DMFC are synthesized by solution based methods. These composites are evaluated in 
half cells and DMFC single cells. Fourth, synthesis of Pt-Ru alloys based on solution 
methods is pursued with an aim to improve the catalytic activity for methanol oxidation. 
In this regard, the effects of preparation conditions and particle size on the catalytic 
activity are investigated.  Finally, optimization of membrane-electrode assembly (MEA) 
structure is carried out with an aim to reduce the Pt loading and improve the utilization of 










2.1 Materials preparation 
All the materials investigated in this dissertation were synthesized by either low 
temperature solution based procedures such as chemical reduction, precipitation, and 
microemulsion or high temperature procedures.  The detailed synthesis conditions and 
procedures will be presented in the respective chapters. 
2.2 Characterization 
Synthesized electrocatalysts were characterized by the following techniques. More 
specific procedures for each technique are given in the individual chapters. 
2.2.1 X-ray diffraction (XRD) 
All the prepared electrocatalysts were characterized by X-ray powder diffraction 
employing a Philips X-ray diffractometer with Cu Kα radiation. X-ray specimens were 
prepared by spreading the sample powder evenly onto a glass slide and fixing the powder 
to the glass slide with amyl acetate liquid. The collected data were matched with the 
JCPDS files for phase identification. For further structural analysis, Retrieved 
refinements with JADE software were employed. 
2.2.2 Atomic adsorption spectroscopy (AAS) 
To assess the metal (M) contents in the Pt-M alloys, the filtrates obtained after 
filtering the Pt-M were analyzed with a Perkin-Elmer 1100 atomic adsorption 
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spectrometer (AAS). Samples for AAS were prepared by diluting the filtrates obtained 
after the chemical reduction reactions to an appropriate concentration. Standard solutions 
for each element were prepared with their chlorides. 
2.2.3 Scanning electron microscopy (SEM) and energy dispersive spectroscopy 
(EDS) 
Morphology of the powder samples was investigated with a JEOL JSM-5610 
scanning electron microscope. The composition of electrocatalysts was analyzed by 
energy dispersive spectroscopy (EDS) in scanning electron microscopy (SEM). 
2.2.4 Transmission electron microscopy (TEM) 
Microstructural characterizations were carried out with a JEOL 2010 transmission 
electron microscope (TEM). 
2.3 Electrochemical characterization 
The electrochemical characteristics of the electrocatalysts were examined in a half-
cell setup with liquid electrolyte and in a single cell with solid Nafion electrolytes. 
2.3.1 Characterization in half cell  
2.3.1.1. Half-cell testing using gas diffusion electrode 
The half-cell setup for the gas diffusion electrodes is basically a traditional three-
electrode system consisting of a working electrode, counter electrode, and a reference 
electrode. The schematic diagram is shown in Fig. 2.1.  The working electrode, counter 
electrode, and reference electrode are, respectively, the circular hydrophobized gas 
















 Fig. 2.1 Schematic diagram of a half cell setup with a gas diffusion electrode. 
 
Gas diffusion electrodes for half-cell testing: 
The gas diffusion electrodes for the half-cell testing consist of diffusion and catalyst 
layers that were prepared with 20 wt % PTFE (Teflon T-30 Dispersion, E. I. Du Pont de 
Nemours & Co., Inc.) binder. The electrodes were prepared by cold pressing uni-axially 
in a hydraulic press with platinum woven mesh or carbon cloth as current collectors 
followed by sintering at 300 °C in a vacuum oven.  
Polarization study: 
The catalytic activities of the electrocatalysts for the oxygen reduction reaction were 
evaluated by a steady state galvanostatic polarization method with these circular 
electrodes towards oxygen reduction at 25 oC in liquid electrolyte (2M KOH or 1 M 
 35
H2SO4, which was stirred mechanically to suppress mass transfer limitations. A three-
phase interface (gas-solid-liquid) for the working electrode was established by passing 
oxygen from the rear-side of the electrode at a pre-determined pressure and flow rate 
during the polarization studies.  
Cyclic voltammetry (CV) study: 
The hydrogen and oxygen adsorption characteristics and electrochemical surface 
area were characterized by cyclic voltammetry using these gas diffusion electrodes.  
AC Impedance study: 
The charge transfer resistance of electrocatalysts for oxygen reduction was 
characterized by impedance study using these gas diffusion electrodes.  
2.3.1.2. Half-cell testing using glassy carbon electrode 
The half-cell setup is also a three-electrode system consisting of a working 
electrode, counter electrode, and reference electrode. The schematic diagram is shown in 
Fig. 2.2. 












Fig. 2.2 Schematic diagram of a half-cell setup using glassy carbon electrode. 
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A commercial saturated calomel electrode (SCE) and platinum mesh were 
employed, respectively, as the reference electrode and counter electrode. A glassy carbon 
(GC) electrode with an area of 0.07 cm2 was employed as the working electrode. 
To prepare the glassy carbon electrodes, the catalysts were mixed with deionized 
water in an ultrasonic bath for 20 minutes. A known amount of the suspension was added 
to the glassy carbon electrode using a micropipette and allowed to slightly dry. Then a 
certain amount of Nafion solution (5 wt %) was added to the GC electrode and the 
solvent was allowed to evaporate slowly. 
Various electrochemical characterization techniques such as cyclic voltammetry 
and AC impedance were also employed with the glassy carbon electrodes as the working 
electrode. 
2.3.2 Characterization in single fuel cell 
2.3.2.1. Fuel cell testing setup 
Single cell testing was carried out with a commercial fuel cell test system 
(Compucell GT, Electrochem Inc.) and a single cell test rig with 5 cm2 active geometrical 
area. 
2.3.2.2. Typical procedure for fabrication of electrodes and membrane-electrode 
assemblies (MEAs)   
The gas diffusion electrodes for single cell testing consist of gas-diffusion and 
catalyst layers. The gas-diffusion layer was prepared by spraying a mixture of the Vulcan 
XC-72R carbon black, solvent (mixture of water and isopropyl alcohol), and 30 wt % 
PTFE onto a teflonized carbon cloth and drying in air at 100 oC overnight. The catalyst 
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layer was prepared by spraying a mixture of the required amount of the carbon-supported 
catalyst, solvent (mixture of water and isopropyl alcohol), and 20 wt % PTFE onto the 
gas-diffusion layer and sintering in a vacuum oven at 300 oC for 1 h. The electrodes thus 
prepared were impregnated with Nafion solution (5 wt. % solution, Dupont 
Fluoroproducts) by a spray technique and dried at 90 oC under vacuum. The membrane-
electrode assembly (MEA) was fabricated by uni-axially hot-pressing the anode and 
cathode onto a pre-treated Nafion membrane (C.G. Processing) at 130 oC for 2 min. The 
pre-treatment of the Nafion membrane was carried out by treating it sequentially with 5 
% H2O2 solution, deionized water, 0.5 M H2SO4, and deionized water for 1 h each. 
2.3.2.3. Test conditions 
The single cell testing was carried out at various cell and humidifier temperatures 
with humidified H2 (for PEMFC) or liquid methanol (for DMFC) and humidified oxygen 
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Platinum supported on carbon black is widely used as the electrocatalyst in proton 
exchange membrane fuel cells (PEMFC). However, platinum is expensive and the 
world’s supply of Pt is limited. With an objective to identify alternative electrocatalysts, 
transition metal oxides,1 carbides,2 chalcogenides,3,4 and porphyrins,5,6 have been 
investigated over the years, but their electrocatalytic activities are generally inferior to 
that of platinum. Another strategy that has been pursued to lower the cost is alloying Pt 
with other metals M = Fe, Co, Ni, or Cu. In addition to lowering the overall catalyst cost, 
some of the Pt-M alloys have been found to show enhanced catalytic activity compared to 
pure Pt for oxygen reduction in both phosphoric acid fuel cells and PEMFC, and the 
mechanisms for the enhancement have been investigated by several groups in recent 
years.7-22
3.1.1 Influence of structural factors on the catalytic activity of Pt alloys 
Some investigations have indicated that the catalytic activity of Pt alloys is related 
to the structures of Pt alloy. Glass et al.23 compared the catalytic activity of bulk Pt-Cr 
alloys with various compositions and structures in phosphoric acid and found that the 
ordered Pt-Cr alloys exhibit higher catalytic activity for oxygen reduction than disordered 
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alloys. An investigation of the Pt-Cu-Fe alloys by Cho et al.24 in phosphoric acid showed 
that alloys with higher degree of ordering exhibit higher activity.  A recent study of Pt-V 
alloy in proton exchange membrane fuel cells by Antolini et al.25 indicated that the 
ordered Pt-V obtained at higher heating temperatures exhibit higher catalytic activity than 
the disordered Pt-V obtained at lower heating temperatures. Pt-Co alloys have also been 
found to exhibit enhanced catalytic activity for oxygen reduction compared to Pt.9-22 
Watanabe et al.14 studied a commercial alloy with a Pt:Co atomic ratio of 55:45 and 
found that alloys with ordered structure show better specific catalytic activity than those 
with disordered structure, but the latter were found to exhibit better stability in 
phosphoric acid. They suggested that the enhancement in the catalytic activity is due to 
the modification of the electronic structure or chemical properties of Pt on alloying with 
Co. Toda et al.17 investigated unsupported, disordered Pt-Co alloys with Co contents of 
11-80 atom % that were obtained by sputtering, and found the activity to be maximum for 
a Pt:Co atomic ratio of 60:40 in perchloric acid. Min et al.18 found an alloy with a Pt:Co 
atomic ratio of 3:1 to show better activity in phosphoric acid than Pt. Paulus et al.20,21 
studied the commercial disordered alloys with Pt:Co atomic ratios of 50:50 and 75:25 in 
perchloric acid and found a better enhancement in activity for the former compared to the 
latter. Ross et al. investigated a Pt-Co alloy with a Pt:Co atomic ratio of 3:1 in the form of 
both bulk single crystal 9-11 and on carbon support12 in phosphoric acid, and attributed the 
catalytic enhancement to the surface roughness effects.  
As can be seen, most of the previous studies of the Pt-M (M = Fe, Co, Ni, and Cu) 
alloys have focused on oxygen reduction in acidic solutions with specific compositions, 
and investigations in actual PEMFC environment are limited. Both Mukerjee et al.13, 15 
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and Shukla et al.19 have investigated Pt-Co alloys in PEMFC, but with a specific Pt:Co 
ratio. Thus a systematic investigation of the carbon-supported alloys with different Pt:Co 
ratios and an identification of the optimum composition for the PEMFC applications are 
lacking in the literature. In addition, investigation of the relationship between ordering 
and catalytic activity of the Pt-M alloys in PEMFCs based on solid Nafion electrolytes is 
limited in the literature and most of the previous studies by different groups have focused 
on a specific Pt alloy, and a more generalized investigation comparing a series of Pt-M 
alloys with various M and degree of ordering is lacking in the literature. Furthermore, 
although the ordered Pt-M alloy has been reported to have higher activity than disordered 
alloys in acidic solutions, the reasons for the activity enhancement is not established in 
the literature.  
3.1.2 Influence of synthesis methods on the catalytic activity of Pt alloys 
Pt-M alloys are usually prepared by impregnation method,18 in which M in the 
form of nitrate or chloride are mixed with carbon supported Pt and dried around 100 oC 
followed by heating in reducing atmosphere at temperature > 700 °C.  High temperature 
normally leads to large particles of Pt alloy and small surface area, which decreases the 
utilization of eletrocatalysts.  Therefore, alternative low temperature synthesis methods to 
prepare nanostructured Pt alloy is desirable.  
We present in this chapter a systematic investigation and comparison of the effect 
of atomic ordering between Pt and M in a number of carbon supported PtM (M = Fe, Co, 
Ni, and Cu) alloys on the catalytic activity in proton exchange membrane fuel cells. The 
effects of heat-treatments on the ordering of Pt and M and their influence on the catalytic 
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activity are presented. Also, plausible reasons for the enhancement in the catalytic 
activity of the ordered alloys are discussed.  In addition, low temperature, solution based 
synthesis methods are explored to prepare nanostructured Pt-M alloys. 
3.2 Experimental 
The carbon-supported Pt-M (M = Fe, Co, Ni, and Cu) catalysts – represented as Pt-
M/C hereafter – were prepared by two types of procedures: high-temperature and low-
temperature procedures. 
3.2.1. High temperature procedures 
For the high-temperature procedure, a commercial Pt catalyst supported on carbon 
black (20 wt % Pt on carbon, Alfa Aesar) was first dispersed in deionized water and 
ultrasonically blended for 15 min. Appropriate amounts of Fe(NO3)3.9H2O, 
Co(NO3)2.6H2O, Ni(NO3)2.6H2O or CuCl2.2H2O  were then added to this dispersion to 
give an atomic ratio of Pt:M = 1:1. Ammonium hydroxide was added dropwise to the 
resulting mixture under constant stirring until the pH rose to 9. The mixture was kept 
under stirring for 12 h, filtered, washed several times with deionized water, and dried at 
90 ˚C overnight. The solid thus obtained was finally heat-treated at 900 ˚C for 1 h in a 
flowing mixture of 90 % Ar – 10 % H2 and cooled to room temperature with a cooling 
rate of 5 ˚C/min. For studying the effect of ordering, some of the catalysts thus obtained 
were heated at various temperatures for 1 h in a flowing mixture of 90 % Ar – 10 % H2 
and cooled to room temperature with a cooling rate of 5 ˚C/min.  
The Pt-Co alloy was also prepared by a slightly different high-temperature 
procedure with sodium borohydride as the reducing agent. A commercial Pt catalyst 
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supported on carbon black (20 wt % Pt on carbon, Alfa Aesar) was first dispersed in 
deionized water and ultrasonically blended for 15 minutes. Appropriate amounts of 
Co(NO3)2 to achieve specific compositions of Pt:Co were then added to this dispersion 
and the Co2+ ions were reduced by adding sodium borohydride solution dropwise under 
constant stirring. The resulting mixture was kept under stirring for 2 h, filtered, washed 
several times with deionized water, and dried at 90 ˚C overnight. The solid thus obtained 
was finally heat-treated at 900 ˚C for 1 h in a flowing mixture of 90 % Ar – 10 % H2 and 
cooled to room temperature. 
3.2.2 Low temperature procedures 
Two low-temperature procedures were employed to prepare the Pt-M alloys.  In the 
first procedure, Pt-M (M = Fe, Co, Ni and Cu) alloy catalysts  (20 wt.%) were prepared 
in-situ on high surface area Vulcan XC-72R support by reducing a mixture of 
chloroplatinic acid (H2PtCl6) and the respective metal salt solutions with sodium formate. 
Typically, the reduction reaction was carried out at 70 oC by simultaneously adding drop-
wise a mixture of the metal salt solutions from one burette and the sodium formate 
solution from another burette into a constantly stirring carbon slurry that was prepared by 
suspending the Vulcan XC-72R in deionized water and ultrasonically blending for 30 
min. In some cases (where specified) in which the formate is not strong enough to reduce 
the other transition metal ions M2+, the reduction was carried out by adding first a few 
drops of sodium borohydride followed by further reduction with sodium formate. In 
either case, the reaction mixture was stirred for 2 h after completing the addition of the 
solutions to the carbon slurry, and the solid mass was then filtered, washed with hot de-
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ionized water, and dried in an air oven at about 90 oC overnight. A sample of Pt (20 
wt.%) on Vulcan XC-72R was also prepared by a similar procedure for comparison. In 
order to study the effect of heat-treatment on the catalytic activity, some of the catalysts 
thus synthesized were heated at 200 and 900 oC in a flowing mixture of 10 % H2 - 90 % 
Ar. 
In the second low-temperature procedure, the Pt-M/C (M = Fe and Co) catalysts 
were prepared by a reverse microemulsion (reverse micellar) method using sodium bis(2-
ethylhexyl)sulfosuccinate (AOT) as the surfactant and heptane as the oil phase. The 
schematic representation for the formation of nanostructured Pt alloys in reverse 
microemulsions is shown in Fig. 3.1. For this purpose, one microemulsion solution was 
prepared by mixing chloroplatinic acid (H2PtCl6), the respective metal salt (Fe(NO3)3) or 
Co(NO3)2) solutions, AOT, dionized water, and heptane under constant stirring for 2 h. 
The other microemulsion solution was prepared by mixing sodium boronhydride 
(NaBH4), AOT, deionized water, and heptane under constant stirring for 2 h. In both the 
solutions, the molar ratio of water to AOT (denoted as W) was kept at 8:1. After stirring, 
both the solutions were kept in an ultrasonic bath for 15 min and then mixed together 
under constant stirring for 2 h. After that, an appropriate amount of carbon (Vulcan XC-
72R) was added to the mixture to give a Pt:C weight ratio of 20:80. The resultant slurry 
was kept under constant stirring for another 2 h, filtered, washed copiously with ethanol, 
acetone, and deionized water, and dried in vacuum at room temperature for 24 h. The 
carbon supported Pt-M prepared by this procedure is hereafter designated as Pt-Fe/C-M 






















Fig. 3.1 Schematic representation of the synthesis of Pt alloys by reverse microemulstion.
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as-prepared Pt-M/C catalysts were also heated at 200 oC in a flowing mixture of 10 % H2 
- 90 % Ar for 2 h.  
The Pt-Co/C catalyst was also prepared by a slightly modified reverse 
microemulsion procedure. In this case, three microemulsion solutions were first prepared. 
The first one consisted of chloroplatinic acid (H2PtCl6), AOT, heptane, and deionized 
water with W = 12. The second one consisted of Co(NO3)2, AOT, heptane, and deionized 
water with W = 8. The third one consisted of sodium boronhydride (NaBH4), AOT, 
dionized water, and heptane with W = 8. The microemulsion solution containing 
Co(NO3)2 was first mixed with the one containing sodium boronhydride under constant 
stirring for 1 h, and then the microemulsion solution containing chloroplatinic acid 
(H2PtCl6) was added and stirred for 2 h. The remaining procedure was similar to that 
described in the previous paragraph.  The carbon supported Pt-Co prepared by this 
modified microemulsion procedure is hereafter designated as Pt-Co/C-MM. 
3.2.3 Characterization 
The Pt alloy catalysts were characterized by X-ray diffraction (XRD), atomic 
adsorption spectroscopy (AAS), scanning electron microscopy (SEM) and energy 
dispersive spectroscopy (EDS), transmission electron microscopy (TEM), and 
electrochemical characterizations. The general experimental details have been described 
in chapter 2. 
3.3 Result and discussion 
3.3.1 Influence of atomic ordering on the electrocatalytic activity of Pt-Co alloys 
synthesized by high-temperature procedures 





































































































































































































































Fig. 3.2 X-ray diffraction patterns of the Pt-Co alloys synthesized by the high-
temperature procedure with sodium borohydride followed by heating at 900 oC 
in 90% Ar – 10% H2. The alloys with 10-15 wt% Co have the Pt3Co type 
structure, 20-40 wt% Co have the PtCo type structure, and 50 wt% Co has the 
disordered structure. * refers to reflection from carbon. 
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Fig. 3.2 compares the X-ray diffraction patterns of the Pt-Co/C catalysts prepared 
by the high-temperature procedure with sodium borohydride. The X-ray patterns obtained 
for samples prepared by the procedure with ammonium hydroxide were similar to those 
in Fig. 3.2. A broad reflection found at 2θ ≈ 25o corresponds to the carbon support. The 
diffraction peaks of the Pt-Co/C alloy catalysts shift to higher angles compared to that of 
Pt/C, indicating a lattice contraction arising from the substitution of the smaller Co atoms 
for the larger Pt atoms.  
The Pt-Co system is known to exhibit two ordered intermediate phases with the 
Pt3Co and PtCo type structures and a disordered Pt-Co solid solution with the Pt structure 
as evident from the phase diagram.26 The crystal structures of the two ordered phases 










Fig. 3.3 Crystal structures of (a) ordered Pt3Co, (b) ordered PtCo and (c) disordered 








(a)                                                    (b)                                                    (c) 
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a cubic structure in which the Co atoms occupy all corner positions and the Pt atoms 
occupy all the face centered positions. PtCo has a tetragonal structure in which the Pt and 
Co atoms occupy the alternate (001) planes. The disordered Pt-Co phase has a face 
centered cubic structure in which the Pt and Co atoms are randomly distributed at the 
corner and face centered positions. The presence of some superlattice reflections such as 
the (110) reflection for the Pt3Co type structure and the (100) reflection for the PtCo type 
structure in Fig. 3.2 indicates the formation of ordered phases27 for some compositions in 
the Pt-Co system. The difference between the X-ray patterns of the two ordered structures 
(Pt3Co and PtCo types) is the small shoulders occurring around 2θ ≈ 49o due to the (002) 
reflection and 2θ ≈ 71o due to the (112) reflection for the PtCo type structure.  
An atomic absorption spectroscopic (AAS) analysis of the filtrates obtained during 
the two synthesis procedures revealed that < 2 wt % of the total Co is present in the 
filtrate, indicating a nearly quantitative (> 98 wt %) incorporation of the Co atoms from 
the solution into the Pt-Co alloy. Therefore, we can assume that the Co content in the Pt-
Co alloy is nearly the same as that taken in the synthesis solution. With this assertion and 
based on the X-ray data in Fig. 3.2, we can conclude that the Pt-Co alloys with 10-15 wt 
% Co have the Pt3Co type structure (the stoichiometric Pt3Co alloy contains 9 wt % Co), 
alloys with 20-40 wt % Co have the PtCo type structure (the stoichiometric PtCo alloy 
contains 23 wt % Co), and alloys with 50 wt % Co have the disordered structure. A slight 
deviation of the compositional range for the PtCo type phase in the present study 
compared to that found in the equilibrium phase diagram (10 – 30 wt % Co)24 could be 
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due to the low temperature synthesis process and the smaller particle size leading to 
metastable compositions.  
Table 3.1 summarizes the lattice parameter, extent of ordering, and grain size data 
derived from the X-ray diffraction data for the Pt-Co alloys. The lattice parameter values 
in Table 3.1 are similar to those reported for some of the compositions in the 
literature.8,14,28 With a given structure, the lattice parameter and average Pt-Pt distance 
decrease with increasing Co content due to the smaller size of Co. However, for the same 
nominal Co content, some of the samples prepared by the two methods differ slightly in 
the lattice parameters and the Pt-Pt distance. The differences could be due to the slight 
differences in the actual Co content in the alloys as a small amount of Co remains in the 
filtrate, possible incorporation of some boron into the alloy particularly at high Co 
contents in the procedure employing borohydride, experimental error in the lattice 
parameters due to the broad nature of the diffraction peaks, and differences in the extent 
of ordering29 in the as-prepared samples. The relative intensities of the superlattice 
reflections such as the (110) reflection for the CoPt3 type structure and the (100) 
reflection for the PtCo type structure compared to the fundamental reflections such as the 
(111) reflection for the PtCo3 type structure and the (101) reflection for the PtCo type 
structure are a measure of the extent of the ordering of the Pt and Co atoms.27, 30 As the 
intensity ratio (I110/I111) between the (110) and (111) reflections obtained from the peak 
areas for the Pt3Co type structure or the I100/I101 ratio for the PtCo type structure 
increases, the extent of ordering increases. The I110/I111 and I100/I101 ratios listed in Table 
3.1 suggest that the extent of ordering is influenced by both the synthesis procedure and 
the Co content.  
Lattice parameter  











(nm) I110 / I111 (%) 




1        0 Pt 0.3921(2) 0.2766 - 3.8
2         
         
      
      
      
      
         
         
         
       
       
       
       
         
10 Pt3Co 0.3835(4) 0.2712 1.6 5.7
3 15 Pt3Co 0.3793(2) 0.2684 4.5 6.7
4 20 PtCo 0.2682(2) 0.3808(3) 0.2682 9.0 5.6
5 25 PtCo 0.2674(2) 0.3668(3) 0.2674 12.9 5.6
6 30 PtCo 0.2662(1) 0.3695(4) 0.2662 4.8 4.8
7 40 PtCo 0.2665(2) 0.3624(3) 0.2665 2.9 4.2
8 50 Pt 0.3664(3) 0.2591 - - 6.3
9 10 Pt3Co 0.3845(4) 0.2719 4.5 5.5
10 15 Pt3Co 0.3816(2) 0.2698 13.4 5.4
11 20 PtCo 0.2674(1) 0.3707(1) 0.2674 14.5 5.5
12 25 PtCo 0.2669(1) 0.3666(2) 0.2669 7.7 6.0
13 30 PtCo 0.2664(1) 0.3614(1) 0.2664 6.1 4.6
14 40 PtCo 0.2638(1) 0.3683(2) 0.2638 4.9 4.3
15 50 Pt 0.3648(2) 0.2580 - - 4.5


























Fig. 3.4 High resolution TEM images of the Pt-Co alloy with 20 wt% Co 
supported on carbon (prepared by procedure 2) at (a) low-magnification and (b) 
high magnification with the two dimensional Fourier transform of the image. 
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Figure 3.4 presents the high resolution TEM images of the Pt-Co alloy with 20 wt% 
Co that was obtained by the high-temperature procedure with ammonium hydroxide. 
While the low-magnification image in Fig. 3a illustrates a uniform distribution of the Pt-
Co alloy on the carbon support, the high-magnification image in Fig. 3b reveals the 
lattice fringes for the Pt-Co alloy. The inset in Fig. 3b shows the two dimensional Fourier 
transform of the image of a single particle. A structural analysis of the transformed image 
(inset) indicates that the Pt-Co particle has a tetragonal structure, confirming the PtCo 
ordered structure at 20 wt % Co, which is consistent with the X-ray diffraction data 
discussed earlier (Fig. 3.2 and Table 3.1).      
Fig. 3.5 shows the dependence of the extent of ordering and the electrochemical 
performance on the composition of the Pt-Co alloy catalysts with the PtCo type structure 
in 2 M KOH electrolyte. Within the compositional range (20-40 wt % Co) for the PtCo 
type structure, the maximum ordering or the maximum for the I100/I101 ratio occurs at the 
composition of 25 wt% Co for the procedure with borohydride and 20 wt% Co for the 
high-temperature procedure with ammonium hydroxide (Fig. 3.5a). In both the cases, the 
maximum ordering occurs near the stoichiometric compostion (23 wt % Co) of the PtCo 
structure, which leads to the minimum polarization loss as indicated by a higher cell 
potential at a given current density (Fig. 3.5b). It is clear that the electrochemical 
performance increases with increasing extent of ordering.  
In order to examine the effect of heat-treatment on the extent of ordering, the Pt-
Co/C catalysts were annealed at different temperatures for 1 h and cooled to room 
temperature at a constant rate of 5 ˚C/min. Fig. 3.6 shows the relationship between the 












































Fig. 3.5 Variations of the (a) extent of atomic ordering (I100/I101) and (b) cell 
potential at a fixed current density in 2 M KOH with Co content in the Pt-Co 
alloys having the PtCo structure.  Solid circles and open circles refer, 
respectively, to samples obtained by the high-temperature procedure with 
borohydride and samples obtained by the high-temperature procedure with 
ammonium hydroxide.   
 
was obtained by the procedure with ammonium hydroxide. The extent of ordering is 
















































 Fig. 3.6 Variations of the (a) extent of atomic ordering (I100/I101) and (b) cell 
potential at a fixed current density in 2 M KOH with the annealing temperature for 
the Pt-Co alloy with 20 wt% Co that was obtained by the procedure employing 
ammonium hydroxide.  highest catalytic activity with the lowest polarization loss (or highest cell potential) 
 the sample annealed at 650 o C (Fig. 3.6b). Ordering transformations involve 
leation and growth and both thermodynamics and kinetics can play a role in the 
ering process.31 While heating above the order-disorder transformation temperatures 
lowed by quenching can result in disordered phases, annealing at intermediate 
55
temperatures followed by slow cooling can result in well ordered phases.14 As a result, 
the extent of ordering versus annealing temperature shows a volcano shape relationship in 
Fig. 3.6b. The increase in electrochemical catalytic activity with increasing ordering 
observed by us here is in agreement with that found by Watanabe et al.14 for a 
commercial PtCo alloy before and after annealing at 600-650 o C and Cho et al.30 for the 
Pt-Cu-Fe alloy catalysts. Fig. 3.7 compares the catalytic activity of the various Pt-Co 
compositions synthesized by the procedure with ammonium hydroxide followed by 
heating at 900 oC. The data reveal that the ordered samples exhibit higher catalytic 
activity than Pt or disordered Pt-Co compositions, and the alloy with 20 wt% Co having 
the PtCo type structure exhibits the maximum activity.  
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 Fig. 3.7 Variations of the cell potential at a fixed current density in 2 M 
KOH with the Co content in Pt-Co alloys. The alloys were obtained by the 
procedure employing ammonium hydroxide.  
 
 


















































































Fig. 3.8 Comparison of the performances of the Pt-Co alloys in PEMFC single 
cells, illustrating the variations of cell potential and power density with current 
density: (a) alloys prepared by the procedure employing ammonium hydroxide and 
(b) alloys prepared by the procedure employing sodium borohydride. The numbers 






In order to investigate the catalytic activity of the Pt-Co alloys in acidic solid 
Nafion electrolytes, the catalysts were also tested in PEMFC single cells. Fig. 3.8 
compares the electrochemical performance in PEMFC single cells of the Pt-Co/C 
catalysts synthesized by both procedures. The samples obtained by the synthesis 
procedure with ammonium hydroxide show better performance with lower polarization 
losses and higher power density than those obtained by the procedure with sodium 
borohydride. Since the grain size does not vary significantly on going from one synthesis 
procedure to the other (Table 3.1), the lower activity found for the samples synthesized 
with borohydride could be due to the presence of impurities such as Na+, B, and borates 
as the presence of impurities are known to degrade the catalytic activity.32 With synthesis 
procedure 2, the Pt-Co alloy with 20 wt % Co (Pt:Co atomic ratio of 1.2:1) having the 
PtCo type structure and maximum ordering (Table 3.1) exhibits the lowest polarization 
loss and the highest power density. Similarly, with the synthesis procedure with 
borohydride, the Pt-Co alloy with 25 wt % Co (Pt:Co atomic ratio of 0.91:1) having the 
PtCo type structure and maximum ordering (Table 3.1) exhibits the lowest polarization 
loss and the highest power density. We also carried out a few half-cell polarization 
measurements in 1 M sulfuric acid with gas diffusion electrodes similar to that we did 
with the 2 M KOH electrolyte, and the trends in the catalytic activity were similar to that 
found in KOH. In spite of the differences in electrolytes, the data obtained in the PEMFC 
and sulfuric acid are in agreement with the trend observed with the half cell data in KOH 
for oxygen reduction, indicating that atomic ordering in the Pt-Co alloys can promote the 















































































































Fig. 3.9 Relationship of catalytic activity and atomic ordering to Pt-Pt distance in 
the Pt-Co alloys with PtCo type structure: (a) single cell and (b) half cell data. For 
a comparison, the data for Pt (indicated with a *) is also shown with I100/I110 = 0. 
 
From both the half cell and PEMFC full cell data, it is clear that the alloys with 
better ordering exhibit better catalytic activity and a plausible explanation could be 
developed based on structural aspects.  It is well known that oxygen reduction on Pt-
based catalysts involves a dual-site mechanism with a lateral adsorption and O-O bond 
rupture in the rate-determining step33 as discussed in chapter 1. The lateral adsorption of 
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O2 requires two adsorption sites with partially filled d orbitals for bonding with the π* 
orbital of O2, and therefore, it might involve a cooperative behavior among the lattice 
atoms. The alloy compositions that have optimal Pt-Pt distance and d orbital vacancy 
may promote rapid lateral adsorption and bond rupture. From the data in Table 3.1, the 
Pt-Co alloy with an average Pt-Pt distance of around 0.267 nm (the alloy with 20 wt % 
Co that was prepared by the procedure with ammonium hydroxide) exhibits the highest 
catalytic activity in our study. The alloys prepared by the procedure with borohydride are 
not compared here as they exhibit worse activity than Pt possibly due to impurities as 
discussed in the previous paragraph. Figure 3.9 summarizes the relationship of catalytic 
activity (both the half cell and single cell data) and atomic ordering to Pt-Pt distance in 
the Pt-Co alloys with PtCo type structure. The catalytic activity and extent of ordering 
exhibit a similar relationship to the Pt-Pt distance, and the maximum activity and 
ordering is seen at an optimum intermediate Pt-Pt distance.   
In addition to Pt-Pt distance, electronic factors such as the 5d orbital vacancies (or 
electron density in 5d orbital) in Pt have also been proposed to influence the catalytic 
activity.7, 15, 17, 34 Platinum alloys have been found to exhibit a volcano shape relationship 
between catalytic activity and d-orbital vacancy, indicating the highest catalytic activity 
at an optimum number of d-orbital vacancies. In the case of the Pt-Co alloys studied here, 
the d-band vacancy could be influenced by the number of nearest neighbor Pt and Co 
each Pt has (coordination number) and the Pt-Co distance as they would affect the 
bonding interactions between the Pt and Co atoms. Table 3.2 compares the atomic 
density of Pt atoms, Pt-Pt and Pt-Co distances, and the number of Pt and Co nearest 
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{100} 6.7×1014 0.3854 4 0.2725 4 
{111} 1.2×1015 0.2725 4 0.2725 2 
3-D - 0.2725 8 0.2725 4 
(110)b 7.2×1014 0.3675 4 0.2641 4 
(1
_
10)c 7.2×1014 0.3675 4 0.2641 4 
(001)d 1.4×1015 0.2682 4 - 0 
{011} 8.2×1014 0.2682 2 0.2641 4 
3-D - 0.2682 4 0.2641 8 
{100} 3.5×1014 0.2591 0.93 0.2591 3.07 
{111} 4.0×1014 0.2591 1.39 0.2591 4.61 
3-D - 0.2591 2.78 0.2591 9.22 
{100} 1.3×1015 0.2772 4 - - 
{111} 1.5×1015 0.2772 6 - - 
3-D - 0.2772 12 - - 
om the lattice parameter values reported for Pt, Pt3Co and PtCo in 
. Pt3Co (card No. #29-0499): a = 0.3854 nm; PtCo (card No.#29-0498): 
m, c = 0.3675 nm; Pt (card No.#04-0802): a = 0.3923 nm. 
to (100) plane in the FCC structure of Pt 
to (010) plane in the FCC structure of Pt 
to (001) plane in the FCC structure of Pt 
osition of 50 wt% Pt-50 wt% Co with a = 0.3664 nm (Table 3.1). 
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and Pt-Co distances were calculated based on the lattice parameter values reported in the 
literature. For the disordered Pt-Co alloys, the values in Table 3.2 were calculated for a 
composition consisting of 50 wt % Pt and 50 wt % Co with a statistically random 
distribution of Pt and Co. For each structure, the values are listed for some specific 
crystallographic planes as well as for 3-dimensional (3-D) configuration. As can be seen 
from Table 3.2, for the 3-D case, the Pt-Co distance and the number of Co nearest 
neighbors for Pt in the PtCo structure are intermediate between those in the Pt3Co and the 
disordered Pt-Co structures. It is possible that the Pt-Co distance and the Co neighbors 
may just be optimal in the alloys with the PtCo structure to provide an optimum number 
of vacancies in the Pt:5d orbitals and consequently the highest catalytic activity.  
Furthermore, the (100) plane of Pt has been shown to provide better catalytic 
activity than, for example, the (111) plane.12, 18, 35 Table 3.2 compares the atomic density 
of Pt atoms (planar density) in the {100} and {111} family of planes for the various 
structures. The (1
_
10), (110), (001) and {011} planes of the PtCo type structure are 
equivalent to, respectively, the (001), (010), (001) and {111} planes in the Pt3Co type 
structure. The (1
_
10), (110), (001) planes in the PtCo type structure have higher density of 
Pt atoms than the {100} planes in the Pt3Co type and the disordered Pt-Co structures. 
Between the Pt3Co type and the disordered Pt-Co structures, the former has higher 
density. Therefore, one may conclude that the decreasing order of activity from PtCo to 
Pt3Co to disordered Pt-Co structures could be due to the decreasing density of Pt atoms in 
such planes. However, as we can see from Table 3.2, although Pt has higher atomic 
density of Pt in the {100} planes, it is less active than the Pt-Co alloys. Therefore, other 
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factors such as Pt-Pt distance and d-band vacancy in Pt may play a dominant role in 
determining the catalytic activity of the Pt-Co alloys.  
3.3.2 Influence of atomic ordering on the electrocatalytic activity of PtM (M = Fe, 
Co, Ni, and Cu) alloys synthesized by the high-temperature procedure with 
ammonium hydroxide 
Recognizing from our previous investigation that Pt-Co alloys prepared by the 
high-temperature procedure with ammonia hydroxide show higher catalytic activity than 
those prepared by the procedure with borohydride, the PtM alloys with various M = Fe, 
Co, Ni, and Cu were prepared by the procedure with ammonium hydroxide, followed by 
heat treatment at 900 oC. 
Figure 3.10 compares the X-ray diffraction patterns of the PtM/C catalysts. A broad 
reflection found at 2θ ≈ 25o corresponds to the carbon support. The diffraction peaks of 
all the Pt alloy catalysts shift to higher angles compared to that of Pt/C, indicating a 
lattice contraction (Table 3.3) arising from a substitution of the smaller metal atoms M 
for the larger Pt atoms. The diffraction patterns of PtNi/C and PtCu/C are similar to that 
of Pt/C without any additional superlattice reflections corresponding to the ordered 
structures, indicating that both PtNi and PtCu have a Pt type FCC (face centered cubic) 
structure in which the Pt and Ni or Cu atoms are disordered and distributed randomly at 
the Pt positions (Fig. 3.11a). In contrast, the diffraction patterns show additional 
superlattice reflections such as the (110) and (100) reflections, respectively, in the cases 
of PtFe and PtCo, indicating the formation of ordered PtM type structures21 in these two 






















































































































Cu Kα 2θ (degree)
 
 
Fig. 3.10 X-ray diffraction patterns of the carbon supported PtM (M = Fe, Co, 
Ni and Cu) alloys. Both PtFe and PtCo have ordered structures while PtNi 







e lattice fringes and the Fourier transformed images in high resolution transmission 
on microscopy. Both the ordered PtFe and PtCo have a tetragonal structure (space 
 P4/mmm) in which the Pt and Fe or Co atoms are ordered on the alternative (001) 
s as shown in Figs. 3.11b and c. However, there appears to be a slight difference in 




















Pt        - - Cubic 0.3921(2) - 0.2766 - 3.8
Pt-Fe 80 : 20 - Tetragonal 0.3848(1) 0.3702(2) 0.2721 15.6 6.2 
Pt-Fe 80 : 20 500  Tetragonal 0.3847(1) 0.3702(3) 0.2720 17.9 6.3 
Pt-Fe 80 : 20  600 Tetragonal 0.3845(2) 0.3702(2) 0.2719 21.4 6.5 
Pt-Fe 80 : 20 800 Tetragonal 0.3848(1) 0.3724(2) 0.2721 20.3 6.8 
Pt-Ni         
         
        
        
80 :20 - Cubic 0.3821(2) - 0.2702 - 4.7
Pt-Cu 80 :20 - Cubic 0.3809 (1) - 0.2693 - 4.5
Pt-Co 80 :20 - Tetragonal 0.3782(1) 0.3707(1) 0.2674 14.5 5.5
Pt-Co 80 :20 650 Tetragonal 0.3780(2) 0.3705(3) 0.2673 19.6 5.8
Table 3.3 Structural data of the PtM alloys  65










PtPt or M  
(M = Ni or Cu) 
 
   (a)                                 (b)  (c) 
 
Fig. 3.11 Crystal structures of (a) disordered PtNi or PtCu, (b) ordered PtFe, and (c) 




the choice of unit cells adopted in the JCPDS cards; while the unit cell for PtFe has been 
taken as in Fig. 3.11b the unit cell for PtCo has been taken as that indicated by the bold 
lines in Fig. 3.11c. The (hkl) values for the reflections in Fig. 3.10 are assigned on the 
basis of the unit cells in Fig. 3.11b for PtFe and Fig. 3.11c for PtCo. 
According to the literature phase diagram,26 both the Pt-Ni and Pt-Cu systems are 
also known to form the ordered PtNi and PtCu (Pt:M atomic ratio = 1:1) phases with, 
respectively, a tetragonal (space group P4/mmm) and rhombohedral (space group R3m) 
structures. However, although all the four PtM alloys are prepared under similar 
conditions (900 oC heating and a cooling rate of 5 ˚C/min) in our study, the PtNi and 
PtCu alloys form disordered structures. Ordering transformations involve nucleation and 
growth and both thermodynamics and kinetics can play a role in the ordering process.31 
The lack of formation of ordered structures in the cases of PtNi and PtCu in our study 
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could be due to the differences in the order-disorder transition temperatures (1300, 825, 
645 and 812 oC, respectively, for PtFe, PtCo, PtNi, and PtCu) as indicated by the phase 
diagram,26 a deviation of the composition from Pt:M = 1:1 caused by an incomplete 
precipitation of Ni as hydroxides under the experimental conditions employed, and the 
nanostructured nature of the PtM alloys synthesized. In fact, an atomic absorption 
spectroscopic analysis of the filtrate indicated the presence of close to 10 wt % Ni, 
suggesting a Ni/Pt atomic ratio of < 1 in the Pt-Ni alloy formed. However, similar 
analysis with M = Fe, Co, and Cu indicated < 2 wt % M in the filtrate, suggesting a M/Pt 
ratio of close to 1.  
The relative intensities of the superlattice reflections such as the (110) and (100) 
reflections, respectively, for PtFe and PtCo compared to the fundamental reflections such 
as the (111) and (101) reflections, respectively, for PtFe and PtCo are a measure of the 
extent of ordering between the Pt and Fe or Co atoms in the lattice.27 As the intensity 
ratio (I110/I111) between the (110) and (111) reflections obtained from the peak areas for 
PtFe or the (I100/I101) ratio for PtCo increases, the extent of ordering increases. We have 
examined the effect of heating temperature on ordering by comparing the intensity ratios 
obtained after re-heating the PtFe alloy at 500, 600, 800 and 900 oC. Fig. 3.12 and Table 
3.3 show the effect of heating temperature on the extent of ordering and particle size for 
PtFe.  As can be seen, the extent of ordering increases initially with the heating 
temperature, reaches a maximum around 600 oC, and remains nearly constant thereafter. 
In addition, the particle size increases significantly on heating at T > 800 oC. These 










































Fig. 3.12 Effect of annealing temperature on the extent of ordering and 
particle size of PtFe/C. 
 
 
























 PtFe/C (500 oC)
 PtFe/C (600 oC)
 PtFe/C (800 oC)










 Fig. 3.13 Comparison of the electrochemical performances of the PtM/C 
alloys in PEMFC single cells, illustrating the variations of cell potential 











































































































Fig. 3.14 Comparison of the current densities of the various catalysts at a 
given cell potential of (a) 0.85 V and (b) 0.80 V. The numbers in 
parenthesis in the sample designations refer to the re-heating temperatures. 













 At 0.85 V














Extent of ordering, I110/I111 (%)
 Fig. 3.15 Relationship between the catalytic activity and the extent of 
ordering for PtFe/C.  
Figure 3.13 compares the polarization curves of Pt and the PtM alloys in single cell 
PEMFC. The PtFe/C and PtCo/C catalysts with an atomic ordering between Pt and Fe or 
Co show higher catalytic activity with less polarization loss than the disordered PtNi/C 
and PtCu/C and Pt/C. A comparison of the current density values for the catalysts at 0.80 
and 0.85 V, which is in the activation overpotential controlled region of the oxygen 
reduction reaction, is shown in Fig. 3.14. As can be seen, the more ordered PtFe/C and 
PtCo/C show higher activity than the disordered PtNi/C and PtCu/C. Figure 3.15 displays 
the relationship between the catalytic activity and the extent of ordering for the PtFe 
alloys. The data show that the catalytic activity increases with the extent of ordering. The 
PtFe/C heated at 900 oC was not tested since it has a significantly larger particle size than  
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others (Fig. 3.12) and we want to keep the particle size in a narrow range to minimize its 
effect on the catalytic activity. Similar conclusion that the catalytic activity increases with 
increasing ordering is also evident with the PtCo/C catalyst (Fig. 3.14 and Table 3.3). The 
influence of atomic ordering on the catalytic activity of the Pt-M alloys is also evident 
from the differences seen between the following two studies.  Min et al.18 studied the Pt-
M (M = Co, Cr, and Ni) alloys with disordered FCC structures and found that Pt-Ni 
exhibits the best activity. On the other hand, a study by Mukerjee et al.15 indicates that 
among all the Pt-M (M = Cr, Mn, Fe, Co, and Ni) alloys studied, Pt-Ni shows the least 
activity. One difference between the two studies is that all the alloys studied in the latter 
case have the ordered Pt3M type structure. The difference in the results between the two 
studies15,18 suggests that atomic ordering has an important effect on the catalytic activity 
of the Pt-M alloys. 
 
Fig. 3.16 The cathodic branches of the cyclic voltammograms of Pt/C
and the as-prepared PtM/C catalysts. 





































The PtM/C alloys were also characterized for hydrogen-oxygen adsorption by 
cyclic voltammetry. Figure 3.16 compares the cathodic branches of the cyclic 
voltammograms of Pt/C and PtM/C alloy catalysts. The typical peaks associated with the 
hydrogen adsorption and oxide reduction are apparent.  The two peaks at -0.04 and -0.18 
V are related to strongly and weakly adsorbed hydrogen species.24 The strongly and 
weakly adsorbed hydrogen species are associated, respectively, with the Pt (100) and 
(111) planes.37 The peaks associated with the strongly absorbed hydrogen are more 
distinctive for the ordered PtFe/C and PtCo/C catalysts compared to those for both 
PtNi/C and PtCu/C with disordered structures. This suggests that the surface 
concentration of Pt (100) may be higher in the case of ordered PtFe/C and PtCo/C. Pt 
(100) is known to be more active for oxygen reduction than Pt (111),35,12,18 and therefore, 
the higher catalytic activity seen in this study for the ordered PtM alloys compared to the 
disordered PtM alloys may be related to the higher surface concentration of Pt(100). In 
addition, the oxide reduction potential may relate to the bond strength of oxygen 
molecule on the surface of Pt.7 Figure 3.17 shows the relationship between the catalytic 
activity obtained from PEMFC and the oxide reduction potential obtained from cyclic 
voltammograms, and it exhibits a volcano type relationship. Similar observations have 
been made in the literature for Pt-Cu-Fe and Pt-Cr.24 It is well known that the kinetics of 
oxygen reduction is influenced by the bond strength of oxygen molecule on the surface of 
the catalysts. If the bond is too strong, the adsorbed species may not be active for further 
reaction, but the amount of the adsorbed species may be high.  On the other hand, if the 
bond is too weak, the adsorbed species may be active, but the amount of adsorbed species 





















ig. 3.17 Relationship between the electrochemical performance of the catalysts 
C and the oxide reduction potentials obtained from the cyclic 
y study for Pt/C and PtM/C catalysts. The numbers in parenthesis in 
 sample designations refer to the reheating temperatures. The numbers in the 
legend refer to reheating temperatures. 

































ig. 3.17 Relationship between the electrochemical of the c taly ts in 
EMFC and the oxi e reduction pot ntials obtain d from the cyclic v ltammetry study for 
t/C and PtM/C catal sts. The numbers in parenthe is in the sample designation  refer to 
e annealing temperatures. 
ntermediate bond strength (not too strong or too weak). The oxide reduction potential for 
he ordered PtFe and PtCo seems to be close to the potential that corresponds to the 
ptimal bond strength for the adsorbed oxygen, leading to a maximum catalytic activity.  
From the polarization studies in PEMFC and the hydrogen-oxygen adsorption 
haracterization by cyclic voltammetry, it is clear that the ordered PtM alloys exhibit 
igher activity than the disordered alloys, which may be associated with the more 
avorable bond strength for adsorbed oxygen.  The bond strength for oxygen adsorption 
n metals is related to the d-band vacancy.33 Platinum alloys have been found to exhibit a 
olcano shape relationship between the catalytic activity and the Pt d-orbital vacancy, 
5,17,7 indicating the highest catalytic activity at an optimum number of d-orbital 
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vacancies. In the case of the PtM (M = Fe, Co, Ni and Cu) alloys studied here, the Pt d-
orbital vacancy could be influenced by the number of nearest neighbor Pt and M each Pt 
has (coordination number), the Pt-M distance, and the electronegativity38 of M as they 
would affect the bonding interactions between the Pt and M atoms.  
Table 3.4 compares the Pt-Pt and Pt-M distances and the number of Pt and M 
nearest neighbors each Pt has for the Pt, ordered PtFe and PtCo, and disordered PtNi and 
PtCu structures. The Pt-Pt and Pt-M distances were calculated based on the lattice 
parameter values reported in the literature. For the disordered PtNi and PtCu alloys, the 
values in Table 3.4 were calculated for a composition consisting of 50 at % Pt and 50 at 
% Ni or Cu with a statistical random distribution of Pt and Ni or Cu. As seen in Table 
3.4, the Pt atoms have a lower number of Pt nearest neighbors (4) in the ordered PtCo and 
PtFe alloys compared to those in the disordered PtNi (6) or PtCu (6) and Pt (12), which is 
consistent with a report39 that a higher catalytic activity for oxygen reduction may be 
caused by a higher concentration of crystallites having a lower number of Pt nearest 
neighbors. In addition, Pt has a higher number of nearest neighbor M in the ordered PtFe 
and PtCo with a shorter Pt-M distance than in the disordered PtNi and PtCu (Table 3.4), 
which may suggest a stronger d-d interaction between the Pt and M atoms in the ordered 
PtFe and PtCo alloys compared to that in the disordered PtNi and PtCu. Furthermore, the 















a Obtained from th
cards. PtFe (card N
0.2682 nm, c = 0.3
No. #48-1549): a 
b Equivalent to (10
c Equivalent to (01
d Equivalent to (00
 
Table 3.4 Structural analysis of the PtM alloys and PtPlane 















(110)b 7.17×1014 0.3675 4 0.2641 4 
(1
_
10)c 7.17×1014 0.3675 4 0.2641 4 
(001)d 1.39×1015 0.2682 4 - 0 
{111} 8.20×1014 0.2682 2 0.2641 4 
3-D - 0.2682 4 0.2641 8 
(100) 6.99×1014 0.3853 4 0.2675 4 
(010) 6.99×1014 0.3853 4 0.2675 4 
(001) 1.35×1015 0.2724 4 - 0 
{111} 6.86×1014 0.2724 2 0.2675 4 
3-D - 0.2724 4 0.2675 8 
{100} 6.85×1014 0.2702 2 0.2702 2 
{111} 7.91×1014 0.2702 3 0.2702 3 
3-D - 0.2702 6 0.2702 6 
{100} 6.89×1014 0.2684 2 0.2684 2 
{111} 8.01×1014 0.2684 3 0.2684 3 
3-D - 0.2684 6 0.2684 6 
{100} 1.30×1015 0.2772 4 - - 
{111} 1.50×1015 0.2772 6 - - 
3-D - 0.2772 12 - - 
e lattice parameter values reported for Pt, PtFe, PtCo, PtNi, and PtCu in JCPDS 
o. #43-1359): a = 0.3853 nm; c=0.3713nm; PtCo (card No.#29-0498): a = 
675 nm; disordered PtNi: a = 0.3821 nm (from Table 1); disordered PtCu (card 
= 0.3796 nm.  
0) plane in the FCC structure of Pt. 
0) plane in the FCC structure of Pt.  
1) plane in the FCC structure of Pt. 
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the electronegativity difference between them.38 The electronegativity of the M atoms 
studied here increases in the order Fe < Co < Ni < Cu.28 Therefore, with the same crystal 
structure, the amount of charge transfer from Pt to M would be expected to increase in 
the order PtFe  < PtCo < PtNi < PtCu. This trend is actually consistent with the d-orbital 
vacancy observed by Mukerjee et al.15 from an X-ray absorption study of Pt-M alloys 
with the Pt3M structure. As can be seen, the Pt d-orbital vacancy in the PtM alloys may 
be influenced by both the crystal structure and the electronegativity of M. It appears that 
the ordered PtFe and PtCo alloys have a more favorable Pt d-orbital vacancy for oxygen 
reduction, resulting in a higher catalytic activity, compared to the analogous disordered 
PtNi and PtCu alloys.  In addition, heat treatment could also influence the Pt d-orbital 
vacancy due to a cleaning of the surface and the changes in the degree of ordering. In 
fact, it has been reported that the Pt d-orbital vacancy changes with the heating 
temperature.34   
In addition, as reported by Glass et al.23 in the study of Pt-Cr alloy, the atomic 
distribution on the surface may also influence the oxygen adsorption on the catalysts and 
thereby the catalytic activity. According to the OH adsorption model of Conway,40 there 
are three types of adsorption corresponding to the three different sublattices and 
coverages of OH- species (Fig. 3.18). For the {100} planes, the OH- ions initially attach 
to the sublattice Pt4OH, the alternate face centered lattice sites. Then, the OH- ions attach 
to the sublattice Pt2OH, the remaining face centered sites. Up to this stage, one half of the 
OH- ions have been adsorbed on next nearest neighbor (Pt4OH) and diagonal nearest 
neighbor (Pt2OH), and there is little interaction between the adsorbed OH- ions. The last 



























atFig. 3.18 The OH adsorption model proposed by Conway40 for the Pt surface: (a) {100} 
and (b) {111} planes. 77
 the OH- ions. The OH- ion adsorption on the {111} planes is similar to that of {100}, 
cepting the sublattices are Pt3OH, Pt3(OH)2 and PtOH.  
The atomic distributions of Pt and the alloying element in the various planes for the 
dered and disordered structures are shown in Fig. 3.19. The atomic configuration of 
01) plane in the ordered structure is same as that of pure Pt and would be expected to 
ve a high coverage of OH- ions according to the results of Glass et al.23 Applying this 
odel to the (100) and (010) planes of the ordered structure, we find that up to one-half 
 the coverage process progresses exactly the same way as it would be on a Pt lattice 
ithout any M atoms involved, which can be seen by comparing Figs. 3.18a and 3.19b. 
r the disordered structure, since the Pt and M atoms are randomly distributed, the M 



















Fig. 3.19 Atomic configurations in various planes for ordered and disordered PtM 
alloys: (a) (001) plane in ordered alloy, (b) (100) and (010) planes in ordered 
alloys, (c) {111} planes in ordered alloys, (d) {100} planes in disordered alloys, 
and (e) {111} planes in disordered alloys. Hatched and open circles refer, 
respectively, to Pt and M (M = Fe or Co) in (a) – (c), and open circles refer to Pt or 
M (M = Cu or Ni) in (d) and (e). 
ions. The repulsive force between the OH- ions during adsorption on adjacent sites may 
cause the adsorption to become more difficult, leading to a lower coverage of OH- ions. 
The OH- adsorption on the {111} family of planes in the ordered structure (Fig. 3.19c), 
however, has to be modified for the Pt3OH and Pt3(OH)2 sublattices, and therefore, there 
is no obvious advantage for the adsorption to occur over the disordered structure.  
The above discussions could be extended to the adsorption of molecular oxygen.  
The ordered alloys would be expected to have a higher oxygen coverage than the 
disordered alloys on the {100} planes, which has better catalytic activity than, for 
 78
 79
example, the {111} planes.35,12,18 Since oxygen adsorption is believed to be the rate-
determining step for the oxygen reduction reaction, this allows for a higher reaction rate 
on the surface of the ordered structure compared to that on the disordered structure. 
However, according to the OH adsorption model of Conway40 and the results of Glass et 
al.,23 the oxygen adsorbed on pure Pt would have the highest coverage, but the catalytic 
activity of Pt is lower than that of the PtM alloys studied. Actually, in addition to the 
atomic configuration on the surfaces, the oxygen coverage on metal surface is also 
influenced by the bond strength of adsorbed oxygen, as mentioned earlier. Moreover, 
beyond a certain coverage of oxygen, the rate-determining step is no longer the coverage 
of oxygen but the chemical surface reaction,41 which is determined by the bond strength 
of the adsorbed oxygen. The ordered PtM alloys, therefore, seem to have a more 
favorable bond strength for the adsorbed oxygen than Pt, resulting from the changes in 
the Pt d-orbital vacancy on alloying, and thereby offer a higher oxygen reduction reaction 
rate than Pt. 
Furthermore, it is well known that oxygen reduction on Pt-based catalysts involves 
a dual-site mechanism with a lateral adsorption of the O-O bond in the rate-determining 
step.33 The lateral adsorption of O2 requires two adsorption sites with partially filled d 
orbitals for bonding with the π* orbital of the O2 molecule, and the alloy compositions 
that have an optimal Pt-Pt distance may promote rapid lateral adsorption and bond 
rupture. The maximum activity occurs with a Pt-Pt distance of around 0.267 nm (for the 
PtCo alloy reheated at 650 oC, Table 3.3) in this study. However, the disordered PtNi/C 
and PtCu/C have Pt-Pt distances that are more close to the optimum value compared to 
that of the ordered PtFe/C, yet their activities are lower than that of the ordered PtFe/C. 
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This indicates that Pt-Pt distance may not have a dominating effect on the catalytic 
activity for oxygen reduction. Similar arguments have also been reported in the 
literature.17, 7 
Finally, the (100) plane of Pt has been shown to provide better catalytic activity 
than, for example, the (111) plane.35, 12, 18 Table 3.4 compares the atomic density of Pt 
atoms (planar density) in the {100} and {111} family of planes for the various structures. 
The ordered PtFe/C and PtCo/C have higher atomic density of Pt atoms in the {100} 
planes than the disordered PtNi/C and PtCu/C. This is also consistent with the cyclic 
voltammetry study (Fig. 3.15), in which the strong hydrogen adsorption peaks 
(corresponding to Pt (100)) are more defined for the ordered PtFe/C and PtCo/C than for 
the disordered PtNi/C and PtCu/C. However, Pt/C exhibits a lower catalytic activity than 
the PtM alloys despite a higher atomic density of Pt atoms in the {100} family planes. 
This suggests that the net catalytic activity may be a result of the interplay of all the 
contributing factors. The ordered PtCo alloys, which show the maximum activity in our 
study, seem to have the optimum combination of these contributing factors. For example, 
they have an optimal number of nearest neighbor Pt and M atoms for Pt, Pt-Pt distance, 
d-electron density in Pt, and surface configuration for oxygen adsorption.  
3.3.3 Pt-M (M = Fe, Co, Ni and Cu) electrocatalysts synthesized by a low-
temperature reduction procedure with sodium formate 
Fig. 3.20 shows the X-ray diffraction patterns of the various Pt-M alloy catalysts.   
A broad reflection found at 2θ ≈ 25o is due to the carbon support. The reflections of the 
Pt-M samples shift to higher angles compared to that of Pt indicating a contraction of the  





























Fig. 3.20 X-ray diffraction patterns of (a) Pt/C, (b) Pt-Co (1:5 atomic ratio)/C, (c) Pt-
Cu (1:5 atomic ratio)/C, (d) Pt-Fe (1:5 atomic ratio)/C, and (e) Pt-Ni (1:1 atomic
ratio)/C. 
lattice and alloy formation. The broad reflections of the catalysts indicate nanostructured 
materials with small grain size and Table 3.5 gives the grain size obtained from the X-ray 
data using the Scherrer equation.8 We have also examined the particle size distribution of 
some samples by TEM and the average particle size obtained from TEM agrees closely 
with that obtained from the X-ray data. The Pt-Co catalyst in Table 3.5 has the smallest 
grain size. Also, the grain size is slightly larger when borohydride is used as the reducing 
agent to obtain Pt-Co. Table 3.5 also gives the alloy contents obtained from the EDS 
analysis for some samples. The M contents obtained from the EDS analysis are lower 
than the nominal values and the discrepancy is particularly large in the case of M = Fe 










Table 3.5 Preparation conditions, compositions, and particle size data for Pt/C and
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The galvanostatic polarization curves towards oxygen reduction in sulfuric acid at 
oom temperature are shown in Fig. 3.21. Although the Pt-Ni catalyst shows the lowest 
olarization at low current densities, it shows a larger polarization at higher current 
ensities. On the other hand, both the Pt-Co and Pt-Cu catalysts show better performance 








































andFig. 3.21 Galvanostatic-polarization curves towards oxygen reduction reaction in 
0.5 M H2SO4 at room temperature (without iR compensation) with a catalyst 
loading of 4.7 mg/cm2. 83
ys show performances similar to that of Pt at around 0.65 A/cm2.  The kinetic 
ameters such as Tafel slope and the exchange current density values calculated from 
 polarization curves are summarized in Table 3.6. The Tafel slopes for the various 
positions towards oxygen reduction lie within the range of 45 to 60 mV/dec. 
hough both Pt-Co and Pt-Cu show slightly lower Tafel slopes than Pt, they exhibit 
aller exchange current density values than Pt. Similar results for Pt-Co have also been 
nd by others in the literature.42 Both Pt-Fe and Pt-Ni show slightly larger Tafel slope 
n Pt, Pt-Co, and Pt-Cu, but they exhibit higher exchange current density than Pt-Co 







Samples Initial composition, 






(mA/mg Pt at 0.09 V 
vs Hg/Hg2SO4) 
Pt/C - 52 1.33 x 10-6 52 
Pt-Co/C 1:7 46 2.2 x 10-8 217 
Pt-Ni /C 1:1 55 1.2 x 10-6 64 
Pt-Cu/C 1:5 48 4.33 x 10-8 148 
Pt-Fe/C 1:5 58 3.04 x 10-7 97 
 
alloy catalysts prepared by high temperature procedures, the Tafel slope values obtained 
for our as-prepared catalysts are smaller indicating better performance with lower over-
potentials in the present study. Table 3.6 also gives the mass activity values per mg of Pt 
for the Pt-M alloys and the Pt-Co alloy shows the best performance with the highest mass 
activity among all the compositions investigated in this study. Similar observations have 
also been found in the literature 42, 13, 34 for the samples obtained by the high temperature 
(> 700 oC) preparation procedures.  
With an aim to study the effect of composition on the performance of the Pt-Co 
catalysts, we prepared the Pt-Co alloys with different Co contents and evaluated their 
performance towards oxygen reduction. Fig. 3.22 compares the polarization behavior of  
the Pt-Co alloys with different Co contents at 0.65 A/cm2 at room temperature. Minimum 
polarization or maximum activity is observed for a Pt:Co atomic ratio of 1:7 (initial Table 3.6 Kinetic parameters from galvanostatic polarization curves towards 













































increaseFig. 3.22 Performances of Pt-Co/C catalysts toward oxygen reduction 
reaction in 0.5 M H2SO4 electrolyte for various compositions. 85
ition). Similar results have been reported for the Pt-Fe catalysts.7 The increased 
 activity of the Pt alloy catalysts compared to Pt could be due to various factors 
een suggested in the literature from spectroscopic studies.8,19,34,7 For example, 
 in Pt-Pt bond distance, number of Pt nearest neighbors, electron density in the 
bitals, and surface oxide layers could all play a role. Watanabe et al.7 have 
d the improvement in the catalytic activity based on an increase in the d-orbital 
, promoting a stronger metal-oxygen interaction and the formation of stronger Pt-
 with the adsorbed O2- species. The stronger Pt-O2- bond can cause a weakening 
thening of the O-O bond and an easier scission of the O-O bond, resulting in an 
 in the reaction rate. Shukla et al., on the other hand, have attributed the increased 
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catatytic activity to a decrease in surface oxides and an enrichment of active Pt sites.8,19 
Mukerjee et al. 34 have explained the enhancement in activity based on the decrease in the 
Pt-Pt distance and the Pt-Pt coordination numbers.  Although particle size could also play 
a significant role in the catalytic activity as has been reported in the literature,39, 43 we do 
not observe significant variations in particle size with Co content. The TEM data for the 
1:7 Pt-Co alloy and Pt indicated an average particle sizes of around 4 ± 2 nm. The TEM 
images of the 1:7 Pt-Co/C alloy also indicated a homogenous distribution of Pt-Co on 
carbon support with occasionally a few larger particles as well due to the agglomeration 
of small particles.  
Although Pt-Fe alloys have been reported in the literature to exhibit better catalytic 
activity than Pt7,44 and found to exhibit activity comparable to Pt in section 3.3.2 (PtFe), 
we do not observe similar results in this section. The difference could be due to the 
differences in the preparation method and composition. As can be seen in Table 3.5, the 
Fe content obtained from the EDS data is much smaller than the nominal value. This 
could be due to the milder reducing power of sodium formate and the incomplete 
reduction of iron. In order to overcome this difficulty, we carried out the reduction by 
first adding several drops of sodium borohydride into a mixture of chloroplatinic acid and 
a ferrous salt dispersed on carbon support and then adding the sodium formate solution. 
Since borohydride is a stronger reducing agent compared to formate, a few drops of 
sodium borohydride can assist the nucleation of Pt-Fe alloy particles and thereby help to 
increase the Fe content in the alloy. Table 3.7 compares the polarization behavior of the 
Pt-Fe composition prepared by this technique. Although the Pt-Fe sample prepared with 
borohydride and formate shows lower over-potential than the sample prepared with 
formate alone, the over-potential values are still larger than that found for the Pt-Co alloy 
indicating that the Pt-Co alloys show better performance than the Pt-Fe alloy. One 
difficulty with the Pt-Fe alloy could be the formation of hydrous iron oxides as Fe2+ 
undergoes hydrolysis much more readily than Co2+ at higher pH values (> 4). 
 
With an aim to clean the surface oxides and enhance alloy formation, the Pt-Co and 
Pt-Fe catalysts were also heated at 200 and 900 oC in 10 % H2 - 90 % Ar for various 








Table 3.7 Effect of heat treatment conditions and reducing agent on the 


























































200 oC, 2 h 
 







200 oC, 2 h 
 




















As seen in Table 3.7, the low temperature (200 oC) heat treatment in H2 
atmosphere improves the activity of the Pt-Fe alloy possibly due to the reduction of 
hydrous iron oxides, but it does not help significantly in the case of Pt-Co. On the other 
hand, the heat treatment at much higher temperatures (900 oC) leads to an increase in the 
over-potential in both the cases due to a growth of the catalyst particles. The particle size 





























































Fig. 3.23 Effect of heat-treatment temperature and time on the particle 
size of Pt-Co (1:5 atomic ratio)/C catalysts: (a) annealed for 1 h at 
various temperatures and (b) annealed at 900 oC for various durations. 88
 


























Fig. 3Fig. 3.24 Comparison of the galvanostatic polarization 
characteristics of the Pt-Co/C and Pt/C cathodes in a single 
cell PEMFC at 90 oC. 89
C single cell performance tests carried out at 90 oC with the Pt-Co (1:7 
 and Pt cathodes (and Pt anodes) are compared in Fig. 3.24.  The Pt-Co alloy  
ysts show better performance than Pt cathodes especially at higher current 
terms of specific activity with respect to platinum content. This is in 
ith the Tafel polarization data given in Fig. 3.21 and the data in section 3.3.1. 
 (M = Fe and Co) catalysts prepared by a reverse microemulsion 
.25 compares the X-ray diffraction patterns of the various Pt-M/C (M = Fe 






























Fig. 3.25 Comparison of the X-ray diffraction patterns of the (a) commercial Pt/C, 
(b) Pt-Co/C-MM, (c) Pt-Co/C-M, (d) Pt-Fe/C-M, (e) Pt-Co/C-H, and (f) Pt-Fe/C-
H. See the experimental section 3.3.2 and the text in this section for different 
sample designations. o) catalysts synthesized by the microemulsion method described in section 3.2.2. A 
 reflection found at 2θ ≈ 25o is due to the carbon support, and the other reflections 
pond to the Pt-M alloys. The samples prepared by the microemulsion method 
nated as M and MM) show broad reflections compared to those obtained by the 
temperature route (designated as H) described in section 3.2.1 using ammonium 
90
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hydroxide, indicating a smaller particle size for the former. The reflections of the Pt-M 
samples shift to higher angles compared to that of Pt, indicating a contraction of the 
lattice and alloy formation. However, the shift is more significant for the samples 
prepared by the high temperature route compared to those prepared by the microemulsion 
method, suggesting the alloy formation to a greater extent in the former case. Table 3.8 
compares the particle size values obtained from the X-ray diffraction data using the 
Scherrer equation. The Pt-M/C catalysts prepared by the microemulsion method have 
smaller particle size than those prepared by the high temperature route as expected. With 
the microemulsion method, the Pt-Co/C sample prepared by the modified procedure (Pt-
Co/C-MM) shows a slightly smaller particle size than the Pt-Co/C-M sample, which 
could be due to the differences in the nucleation and growth rates in the two procedures. 
Table 3.8 also shows the compositional data obtained with the EDS analysis. While the 
metal content in the samples prepared by the high temperature procedure is close to the 
expected nominal value, it is lower than the nominal value for the samples prepared by 
the microemulsion method. The discrepancy is particularly large in the case of the 
modified microemulsion procedure. The lower metal content values could be due to the 
difficulty of effectively reducing the metal ions in the microemulsions since the 
nucleation and growth processes in the microemulsions are very different from those in 
the bulk.45
Fig. 3.26 shows the TEM images of the Pt-M/C catalysts prepared by the 
microemulsion method. The Pt-Co/C catalyst (Figs. 3.26a and b) shows a homogeneous 
dispersion of the metal particles on the carbon with a narrow particle size distribution; the 
 




Composition   




C Pt  M Pt:M  Pt  M Pt:M  
Particle 
size (nm) 
Pt-Co/C-M          Microemulsion 76.2 19.0 4.8 80:20 15.3 5.1 75:25 4.0
Pt-Co/C-H          
          
          
          
High
temperaturea
76.2 19.0 4.8 80:20 17.1 5.5 76:24 5.5
Pt-Co/C-MM Modified
microemulsion 
73.7 18.4 7.9 70:30 10.2 6.9 60:40 3.1
Pt-Fe/C-M Microemulsion 76.2 19.0 4.8 80:20 11.7 4.9 70:30 2.5
Pt-Fe/C-H High
temperaturea
76.2 19.0 4.8 80:20 18.0 6.2 74:26 6.3
Pt  Alfa Aesar 80 20 - - 19.7 - - 3.8 






































 Fig. 3.26 High resolution TEM images of the Pt-M/C alloy catalysts: (a) Pt-Co/C-M 
at low magnification, (b) Pt-Co/C-M at high magnification, and(c) Pt-Fe/C-M. 
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metal particles are generally spherical in shape with small agglomerates observed 
sporadically. However, both agglomeration and separated particles are observed in the 
case of Pt-Fe/C (Fig. 3.26c). The differences in the microstructure could be due to the 
differences in the nucleation and growth processes between the two cases. 
Fig.3.27 compares the cyclic voltammograms of the various Pt-M/C catalysts in 1 
M H2SO4. The electrochemical active surface area was calculated with the coulombic 
charge for hydrogen desorption,46 and the electrochemical data are summarized in 
Tablea3.9. The Pt-M/C catalysts prepared by the microemulsion method (Pt-Fe/C-M and 
Pt- Co/C-M) show higher electrochemical active surface area than those prepared by the  























Potential vs SCE (V)
 Fig. 3.27 Comparison of the cyclic voltammograms of the catalysts in 1 
M H2SO4: (a) commercial Pt/C, (b) Pt-Co/C-M, (c) Pt-Co/C-MM, (d) Pt-
Co/C-H, (e) Pt-Fe/C-M, and (f) Pt-Fe/C-H. See the experimental section 











E = E0 – b log j - Rj 
Catalyst  Electrochemical

















Pt/C 133      0.49 0.47 64 24 982 62 0.2
Pt-Co/C-M 136      
      
      
      
      
      
      
0.60 0.54 127 61 957 44 0.4
Pt-Co/C-H 112 0.59 0.51 113 50 964 55 0.4
Pt-Fe/C-M 128 0.58 0.50 40 16 955 84 0.4
Pt-Fe/C-H  106 0.57 0.48 80 33 937 45 0.6
Pt-Co/C-MM 49 0.62 0.52 108 46 956 49 0.5
Pt-Co/C-MM 
(200 oC heated) 63 0.62 0.54 112 52 972 60 0.5
Pt-Fe/C-M  
(200 oC heated) 138 0.59 0.50 90 42 964 57 0.5
Table 3.9 Electrochemical data of the Pt-M/C catalysts obtained from both the PEMFC and cyclic voltammetry 
experiments 
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high temperature route, which may due to the smaller particle size for the former. The Pt-
Co/C sample prepared by the modified procedure (Pt-Co/C-MM), however, shows lower 
surface area despite a smaller particle size (Table 3.8). The reason is not clear, but it 
could be due to the large amounts of surfactant used and its incomplete removal by the 
washing procedure. Table 3.9 also lists the onset potentials for oxide formation and oxide 
reduction from the cyclic voltamograms.  The onset of the oxide formation for the Pt-
M/C catalysts shifts to higher potentials compared to that of the commercial Pt/C, which 
is in agreement with the previous literature reports.18, 21 Also, the oxide reduction 
potentials of the Pt-M/C catalysts shift to higher values compared to that of Pt/C.   
 
























 Fig. 3.28 Comparison of the galvanostatic-polarization curves of Pt-M/C and commercial Pt/C electrocatalysts for oxygen reduction in PEMFC at 75 oC with a 




Fig. 3.28 compares the PEMFC single cell test results of the various catalysts. All 
the Pt-Co/C catalysts show a lower polarization loss than the commercial Pt/C, and the 
Pt-Co/C-M catalyst prepared by the microemulsion method shows the best 
electrochemical performance. However, the Pt-Fe/C catalysts show polarization losses 
similar to or more than that of the commercial Pt/C. While the Pt-Fe/C-H sample 
prepared by the high temperature route shows a loss similar to that of the commercial 
Pt/C, the Pt-Fe/C-M sample prepared by the microemulsion method shows a higher 
polarization loss than the commercial Pt/C.   
The polarization data were also analyzed by the semi-empirical equation,47, 48
E = E0 - b log j - Rj                         (1) 
where 
    E0 = Er - b log j0                                           (2) 
and Er is the reversible potential of the cell, b is the Tafel slope, j0 is the exchange current 
density of the ORR, and R is the total contribution of the linear polarization components 
including the charge transfer resistance for hydrogen oxidation, electrolyte resistance, and 
diffusion resistance. Only the data above 0.8 V were considered in order to avoid the 
effects of diffusion limitations and the change of Tafel slope at around 0.8 V.49  The 
kinetic parameters obtained from the electrochemical data are listed in Table 3.9, and the 
values are similar to those reported previously in the literature.21, 42  The alloy catalysts 





















































 Fig. 3.29 Comparison of the mass activity of the various catalysts at (a) 0.85 
V and (b) 0.8 V: (a) commercial Pt/C, (b) Pt-Co/C-M, (c) Pt-Co/C-MM, (d) 
Pt-Co/C-H, (e) Pt-Fe/C-M, and (f) Pt-Fe/C-H. 
 
 
Fig. 3.29 compares the mass activity (activity per mg of Pt) of the various catalysts 
at 0.8 and 0.85 V. The amount of Pt in the electrodes was determined using the EDS data. 
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The Pt alloy catalysts show higher mass activity than Pt, and the Pt-Co/C catalysts show 
higher mass activity than Pt-Fe/C. Also, the Pt-Co/C catalysts prepared by the 
microemulsion method (Pt-Co/C-M) exhibits higher mass activity than those prepared by 
the high temperature route (Pt-Co/C-H), which may due to the smaller particle size and 
higher electrochemical active  surface area for the former (Tables 3.8 and 3.9). It is 
interesting to note that the Pt-Co/C prepared by the modified procedure (Pt-Co/C-MM) 
shows the maximum mass activity although it has a smaller surface area than Pt-Co/C-M, 
which suggests that the local atomic structure of the catalysts and the accompanying 
changes in the interaction between Pt and Co may play a critical role in the catalytic 
activity for oxygen reduction. However, the Pt-Fe/C catalysts prepared by the 
microemulsion method show lower mass activity than that prepared by the high 
temperature route. This may be due to the agglomeration and poor dispersion of the metal 
particles in the Pt-Fe/C sample prepared by the microemulsion as evident in the TEM 
data (Figure 3.26).  
With an aim to clean the surface, the Pt-Co/C and Pt-Fe/C catalysts were also heat 
treated at 200 oC in 10 % H2 - 90 % Ar for 2 h, and the electrocatalytic activity towards 
oxygen reduction was examined in PEMFC single cells. Fig. 3.30 shows the effect of 
heat treatment on the catalytic activity of the Pt-M/C catalysts prepared by the 
microemulsion method. The catalysts exhibit higher mass activity after the heat 
treatment, but the activity enhancement is less significant in the case of Pt-Co/C.  In order 
to examine the effect of heat treatment on the electrochemical activity surface area, cyclic 
voltammetry was carried out after the heat treatment.  Fig. 3.31 compares the hydrogen 


























































indFig. 3.30 Effect of heat treatment on the mass activity of the Pt-M/C catalysts 
prepared by the microemulsion method: (a) at 0.85 V and (b) at 0.80 V. 100
tment, and the surface area values are listed in Table 3.9. As can be seen from Fig. 
1, both the height and the area under the peaks increase after the heat treatment, 
icating that heat treatment in reducing atmosphere increases the electrochemical active 
 




































could be rFig. 3.31 Hydrogen desorption regions of the cyclic voltammograms 
for the Pt-M/C catalyst before and after heat treatment at 200 oC. 101
a by cleaning the surface. Therefore, the increase in the surface area could be 
 for the increased mass activity of the Pt-Fe/C catalysts after heat treatment. 
ations are consistent with the fact that Fe3+ is more prone to form hydroxides 
rface compared to Co2+ during the micromulsion process and experience 
f the surface during subsequent heat treatment.  
enhancement in the catalytic activity of the Pt alloys compared to Pt has been 
to changes in the Pt-Pt bond distance, number of Pt nearest neighbors, electron 
the Pt:5d orbitals, and surface oxide layers on alloying with other transition 
5, 19 In addition, the oxide reduction potential obtained from cyclic voltammetry 
elated to the adsorptive strength of the oxygen intermediate on the surface.24 
Fig. 3.32 shows the relationship between the performance of the catalysts and the oxide 
reduction potentials obtained from cyclic voltametry. Although the data are somewhat 
scattered, it can be seen that the mass activity increases with increasing oxide reduction 
potential. It has been reported that the oxide reduction potential shifts to higher values 
when Pt is alloyed with other transition metals,18,44 and the mass activity increases to a 
maximum value and then decreases as the oxide reduction potential increases.24  We do 
not observe a maximum mass activity with the oxide reduction potential here, and the 
reason may be the differences in the alloy compositions, particle size, and/or preparation 
methods. The Pt-Co/C catalysts show higher oxide reduction potentials than Pt-Fe/C 
(Table 3.9) in our study, indicating that the adsorptive strength of the oxygen 
intermediate is more favorable for ORR on the surface of the former catalyst.  
 




















Oxide reduction potential vs. SCE (V)
Fig. 3.32 Relationship between the mass activity of the catalysts and the oxide 
reduction potential obtained from cyclic voltammetry. Solid and open symbols 












A systematic investigation of the Pt-Co alloy catalysts as a function of alloy content 
and annealing temperature has demonstrated that alloys with the ordered Pt3Co or PtCo 
type structures exhibit enhanced catalytic activity for oxygen reduction in proton 
exchange membrane fuel cells compared to Pt and disordered Pt-Co alloys. The activity 
is found to increase with the extent of ordering. The alloy with 20-25 wt% Co adopting 
the PtCo type structure exhibits the highest catalytic activity with the lowest polarization 
loss and highest power density among the various Pt-Co compositions investigated in this 
study. The investigation of the ordered PtFe and PtCo and the disordered PtNi and PtCu 
catalysts in proton exchange membrane fuel cells has demonstrated that alloys with the 
ordered structures exhibit enhanced catalytic activity for oxygen reduction compared to 
Pt and the disordered PtM alloys. In the case of ordered PtM alloys, the activity is found 
to increase with the extent of ordering. Among the various PtM alloys investigated in this 
study, the ordered PtCo exhibits the highest catalytic activity with the lowest polarization 
loss. An analysis of the structural features of the Pt-M alloys suggests that the changes in 
the electron density of the 5d orbitals of Pt resulting from geometrical features such as 
the number of nearest neighbor Pt and M, Pt-M and Pt-Pt distances, and the 
electronegativity of M as well as the surface atomic distribution may play a role in 
controlling the catalytic activity.  
In order to investigate the influence of synthesis methods, the Pt-M alloys have 
been prepared by two low temperature procedures: reduction with formate and 
microemulsion methods. Pt-M (M = Fe, Co, Ni, and Cu) alloy catalysts prepared by a 
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reduction of the Pt4+ and Mn+ ions with sodium formate have nanometer size particles and 
some of them show superior electrocatalytic activity towards oxygen reduction in sulfuric 
acid and in single cell PEMFC compared to Pt. Pt-Co alloy with initial Pt:Co ratio of 1:7 
(atomic ratio) is found to show the best performance among the various Pt-M alloys 
investigated in this study.  Post heat treatment procedures are found to influence the 
catalytic activity due to the cleaning of the surface oxides and particle growth. Also, Pt-M 
(M = Fe and Co) alloy catalysts prepared by the ambient temperature microemulsion 
method show higher electrochemical active surface area than that prepared by the high 
temperature procedure. The Pt-Co/C catalysts prepared by the microemulsion method 
show superior electrocatalytic activity towards oxygen reduction in single cell PEMFC 
compared to Pt. Post heat treatments at 200 oC in reducing atmosphere are found to 
increase the catalytic activity of particularly the Pt-Fe/C catalysts due to a cleaning of the 
surface and increase in the electrochemical surface area.  
Among the various Pt-M alloy catalysts investigated in this chapter by various 
synthesis procedures, PtCo alloy having the ordered PtCo type structure and prepared by 
the high temperature procedure using ammonium hydroxide to precipitate cobalt 
hydroxide as well as the PtCo alloy prepared by the reverse microemulsion method show 
the best electrochemical performance. This could be due to several optimal parameters 
such as number of nearest neighbor Pt and Co atoms, Pt-Pt distance, electronegativity of 
Co controlling the d electron density in Pt, particle size, and surface configuration for 




Synthesis and Characterization of Methanol Tolerant Pt/TiOx/C Nanocomposites 
for Oxygen Reduction in Direct Methanol Fuel Cells 
 
 
4.1 Introduction  
Carbon supported Pt is widely used as an oxygen-reduction electrocatalyst in direct 
methanol fuel cells (DMFC). However, methanol permeation from the anode to the 
cathode through the commonly used Nafion electrolyte membrane poisons the Pt catalyst 
at the cathode and causes performance loss. Pt is also expensive and its supply is limited. 
Attempts are therefore being made to find methanol-tolerant non-platinum catalysts for 
oxygen reduction reaction (ORR) in DMFC,1-7 but their catalytic activity is usually lower 
than that of Pt. Pt-M (M = Cr, Co, and Ni) alloy catalysts have also been studied in both 
proton exchange membrane fuel cells (PEMFC) and DMFC, and they have been found to 
exhibit improved electrocatalytic activity for ORR than pure Pt.8-12 Additionally, 
composites like Pt-MOx (M = Ti and W) have also been investigated for ORR in sulfuric 
acid 13 and phosphoric acid 14 and in PEMFC 15, and they show improved activity over Pt.  
For example, Pt/TiO2/C obtained by depositing on Pt/C various amounts of TiO2 
with a hydrolysis of titanium isopropoxide has been found to exhibit improved 
performance than Pt/C for ORR in PEMFC.15 From cyclic voltammetry studies, the 
Pt/TiO2/C catalysts were found to have higher electrochemical active surface area than 
Pt/C. However, the effects of preparation conditions such as the method of preparation 
and heat treatment on the catalytic activity of Pt/TiO2/C remain to be explored. Also, the 
Pt/TiO2/C catalysts have not been investigated for DMFC, and their tolerance to the 
 106
methanol permeated from the anode to the cathode remains to be assessed. We present in 
this chapter the effects of synthesis methods and heat treatment in hydrogen atmosphere 
on the catalytic activity of the Pt/TiOx/C nanocomposites towards ORR in sulfuric acid 
and in DMFC as well as an assessment of their tolerance to methanol.  
4.2 Experimental 
The Pt/TiOx/C nanocomposite catalysts with a Pt:Ti atomic ratio of 1:1 were 
prepared by three different routes. In route 1, the Pt/TiOx/C samples were prepared with a 
carbon-supported Pt (Pt/C with 20 wt % Pt) catalyst obtained from Alfa Aesar and 
titanium isopropoxide. Pt/C was first suspended in an iso-propanol solution of titanium 
isopropoxide by ultrasonic blending for 15 minutes. The isopropoxide was then 
hydrolyzed by adding deionized water dropwise under constant stirring and the solution 
was kept under stirring for 24 h at ambient temperature to generate hydrated TiO2 on 
Pt/C. The resultant solid was then filtered, washed with deionized water, and dried in an 
air-oven at 100 ˚C overnight.  
In route 2, hydrated TiO2 supported on carbon was first prepared by adding 
deionized water dropwise to a suspension of carbon (Vulcan XC-72R) in an iso-propanol 
solution of titanium isopropoxide.  After stirring for 24 h at ambient temperature, the 
solid was filtered, washed with deionized water, and dried in an air-oven at 100 ˚C 
overnight. The deposition of Pt on the resulting TiO2/C was carried out by ultrasonically 
blending TiO2/C with deionized water for 15 minutes, adding required amounts of 
chloroplatinic acid (H2PtCl6) so that the final C:Pt weight ratio is 80:20 and sodium 
formate solutions dropwise from two burettes, stirring at  ~ 70 ˚C for 2 h to reduce 
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H2PtCl6 to Pt, followed by filtering the solid, washing with deionized water, and drying in 
an air-oven at 100 ˚C overnight.  
In route 3, carbon (Vulcan XC-72R) was first ultrasonically blended with an iso-
propanol solution of titanium isopropoxide for 15 minutes. Required amount of H2PtCl6 
to give a final C:Pt weight ratio of 80:20 and sodium formate solutions were then added 
simultaneously to the suspension dropwise with two burettes and stirred at 60 ˚C for 2 h 
to reduce H2PtCl6 to Pt and generate hydrated TiO2. The solid mass was filtered, washed 
with deionized water, and dried in an air oven at 100 ˚C overnight.  
The Pt/TiO2/C samples thus obtained were then heated at 500 and 900˚C in a 
flowing mixture of 90 % Ar – 10 % H2 and cooled to room temperature to obtain 
Pt/TiOx/C. For a comparison, the commercial Pt/C (Alfa Aesar, 20 wt % Pt) catalyst was 
also subjected to heat treatment at 500 and 900 ˚C in a flowing mixture of 90 % Ar – 10 
% H2. Hereafter, Pt/TiOx/C and Pt/C refer to, respectively, the as-prepared and as-
received samples without any heat treatment unless specified otherwise. Structural 
characterizations were carried out with X-ray diffraction. The average grain size of Pt 
was calculated from the broadening of the X-ray diffraction peaks using the Scherrer 
equation.  
 Half cell experiments with circular hydrophobized gas diffusion electrodes have 
been described previously in chapter 2. For AC impedance studies, the electrolyte was 
first purged with oxygen for 2 h and the data were collected using a Voltalab PGZ 402 
potentiostat (Radiometer Analytical, France) with a frequency sweep of 5 mHZ to 100 
kHZ and AC sine wave amplitude of 10 mV. The AC impedance test was followed by 
cyclic voltammety after purging the electrolyte with nitrogen for 2 h. All the cyclic 
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voltammograms were recorded in the potential range of -650 to +600 mV vs. Hg/Hg2SO4 
with a scan rate of 25 mV/s at ambient temperature. The methanol tolerance studies were 
carried out in 1 M H2SO4 electrolytes containing various amounts of methanol.  
The electrodes consisting of gas-diffusion and catalyst layers for single cell DMFC 
were prepared with a procedure described in chapter 2. The performances of these MEAs 
with Pt-TiOx/C (Pt:C weight ratio of 20:80, Pt loading: 1 mg/cm2) as cathodes and Pt-
Ru/C (40 wt. % Pt-Ru on carbon with a Pt:Ru atomic ratio of 1:1 that was obtained from 
ETEK, metal loading: 1 mg/cm2) as anodes in DMFC were evaluated with a commercial 
fuel cell test system (Compucell GT, Electrochem Inc.) and a single cell test rig. 
Galvanostatic polarization studies were conducted at 70 ˚C by circulating 3 M aqueous 
methanol at the anode and feeding humidified oxygen gas at the cathode.  
4.3 Results and discussion 
Fig. 4.1 shows the X-ray diffraction patterns of the Pt/TiOx/C catalysts prepared by 
different procedures. A broad reflection found at 2θ ≈ 25o corresponds to the carbon 
support. The positions of the Pt reflections do not change noticeably in the as-prepared 
and 500 ˚C heated Pt/TiOx/C samples compared to that in the commercial Pt/C sample. 
Also, no sharp peaks corresponding to titanium oxide are observed in the patterns of the 
as-prepared and 500 ˚C samples, indicating that the oxide deposited is very fine or 
amorphous.15 However, the Pt reflections in the Pt/TiOx/C samples heated at 900 ˚C 
move to higher angles compared to that in the Pt/C sample, indicating a lattice 






































































































Fig. 4.1 X-ray diffraction patterns of the Pt/TiOx/C catalysts prepared by different 
routes and heat treatments at different temperatures. Superscripts 1, 2, and 3 in the 
legends refer, respectively, to synthesis routes 1, 2, and 3 as described in the 
experimental section, and superscripts a and b refer, respectively, to the heat 
treatment temperatures of 500 and 900 ˚C. * refers to reflections from carbon. 109
reflections such as the (100) and (110) reflections indicates the formation of Pt3Ti with an 
ordered structure during the 900 ˚C heating in the reducing Ar-H2 atmosphere. 
Additionally, some new weak reflections (indicated by the solid circles in Fig. 4.1) 
developing on heating at 900 ˚C correspond to reduced titanium oxides (TiOx) such as 
Ti5O9 and Ti8O15. These results are consistent with the previous literature reports that (i) 
the titanium oxide on the carbon support is amorphous before heat treatment and Pt3Ti is 
formed on heat treating at 900 ˚C 16 and (ii) the titanium oxide does not show any 
reflections when it is present at < 20 wt %.15  
 








 Pt/TiOx/C prepared by route 1
 Pt/TiOx/C prepared by route 2






















 Fig. 4.2 Effect of heating temperature on the particle size of Pt/TiOx/C prepared 
by various routes and Pt/C. 
 
The average particle size of Pt in the Pt/TiOx/C and Pt/C samples calculated from 
the X-ray data using the Scherrer equation is summarized in Table 4.1 and plotted in Fig. 
4.2. The data show that the samples prepared by route 3 have larger particle size than the 
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other samples. This may be related to the competition between the hydrolysis and 
reduction reactions on adding simultaneously H2PtCl6 and sodium formate to the 
suspension of carbon in titanium isopropoxide solution in route 3, and the consequent 
changes in the reduction kinetics leading to a larger particle size for Pt. The effect of 
heating temperature on the particle size is shown in Fig. 4.2. While the particle size does 
not change much up to 500 ˚C, it increases significantly after heat treating at 900 ˚C.  The 
differences in the particle growth rate on heating the samples prepared by various routes 
may be related to the differences in the initial Pt particle distribution and morphology in 
the carbon support. 
The galvanostatic polarization curves towards oxygen reduction in sulfuric acid at 
room temperature are shown in Fig. 4.3, and the electrochemical data are summarized in 
Table 4.1. The data reveal that the catalytic activity of the Pt/TiOx/C samples depends on 
the preparation methods and some of the Pt/TiOx/C catalysts show better performance 
than Pt/C as indicated by a smaller Tafel slope and a higher voltage at a given current 
density. Without heat treatment, the Pt/TiOx/C sample prepared by route 2 shows better 
performance than those prepared by routes 1 and 3 and Pt/C. The effect of heat treatment 
on the catalyst performance is shown in Fig. 4.4. While the sample prepared by route 1 
shows an increase in activity on heating to 500 ˚C, the sample prepared by route 2 does 
not show any observable change and the sample prepared by route 3 and Pt/C show a 
decrease in activity. However, all the samples exhibit a decrease in activity on increasing 
the heating temperature from 500 to 900 ˚C, which could be due to the increase in 
particle size. The maximum activity is observed for the samples prepared by routes 1 and  





























mV b  
(ohm)   
Pt/C - 3.8 68 -0.144 8.42 1.27 0.35 
Pt/TiOx/C Route 1 3.8 65 -0.116 9.13 0.75 0.09 
 Pt/TiOx/C 
 
Route 2 4.6 61 -0.043 16.61 0.43 0.06 
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Table 4.1 Particle size and electrode kinetic parameters obtained in 1 M H2SO4 for Pt/TiOx/C
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 Pt/TiOx/C prepared by route 1
 Pt/TiOx/C prepared by route 2



























 113Fig. 4.3 Galvanostatic-polarization curves towards oxygen reduction reaction in 1 M 
H2SO4 at room temperature (without iR compensation). The data were collected with a 
platinum loading of 4 mg/cm2: Pt/C ( ), Pt/TiOx/C prepared by route 1 ( ), 
Pt/TiOx/C prepared by route 2 ( ), Pt/TiOx/C prepared by route 3 ( ), 
Pt/TiOx/C prepared by route 1 and after heating at 500 ˚C ( ), Pt/TiOx/C prepared 
by route 2 and after heating at 500 ˚C ( ),  Pt/TiOx/C prepared by route 3 and after 
heating at 500 ˚C ( ),  Pt/TiOx/C prepared by route 1 and after heating at 900 ˚C
( ),  Pt/TiOx/C prepared by route 2 and after heating at 900 ˚C ( ), and 
Pt/TiOx/C prepared by route 3 and after heating at 900 ˚C ( ).   
 
Fig. 4.4 Variations of the cell potential at a fixed current density with the heating 
temperatures employed for the Pt/TiOx/C prepared by various routes and Pt/C. 
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The results of the AC impedance studies in 1 M sulfuric acid are shown in Fig. 4.5 
for some representative samples. The data are shown in the form of real vs. imaginary 
parts (Nyquist plots) with O2-saturated electrolyte and at potentials of 200 and 100 mV 
(vs. Hg/Hg2SO4). The shrinkage of the semicircle as the potential changes from 200 to 
100 mV suggests that the semicircle is related to the charge transfer associated with the 
oxygen reduction reaction.17 The charge transfer resistance for the ORR is summarized in 
Table 4.1 and plotted in Fig. 4.6. The as-prepared Pt/TiOx/C samples show lower charge 
transfer resistances than Pt/C. The Pt/TiOx/C catalysts prepared by routes 1 and 2 show a 
decrease in the charge transfer resistance on heating at 500 ˚C and then an increase on 
heating at 900 ˚C. On the other hand, the Pt/TiOx/C sample prepared by route 3 as well as 
Pt/C show a slight increase in charge transfer resistance on heating at 500 ˚C and a drastic 
increase on further heating at 900 ˚C.  A correlation of the data in Fig. 4.6 to that in Fig. 
4.4 suggests that the better electrocatalytic activity observed for some samples is due to 
the lower charge transfer resistance.  
Fig. 4.7 compares the cyclic voltammograms of the Pt/TiOx/C samples prepared by 
route 1 and Pt/C in 1 M H2SO4. The Pt/TiOx/C samples prepared by other routes 
exhibited voltammograms similar to those prepared by route 1. As we can see, the 
hydrogen desorption potentials decrease and the potentials corresponding to the reduction 
of platinum oxide increase for the Pt/TiOx/C samples compared to those of Pt/C, which is 
in agreement with the literature data.15 The electrochemical active surface area calculated 
from the region of hydrogen desorption 18 are also summarized in Table 4.1 and plotted in 
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Fig. 4.5 Nyquist plots recorded in O2 saturated H2SO4 for (a) Pt/C at 200 and 100 
mV, (b) Pt/TiOx/C at 200 mV, and (c) Pt/TiOx/C at 100 mV. In (b) and (c): (1) 
Pt/TiOx/C prepared by route 3, (2) Pt/TiOx/C prepared by route 3 and after heating 
at 500 ˚C, (3) Pt/TiOx/C prepared by route 3 and after heating at 900 ˚C, and (4) 
Pt/TiOx/C prepared by route 2 and after heating at 900 ˚C. 115
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 Pt/TiOx/C prepared by route 1
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 Fig. 4.6 Variations of the charge transfer resistance with the 
heating temperatures employed for the Pt/TiOx/C prepared by 
various routes and Pt/C: (a) at 200 mV and (b) at 100 mV.  
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Fig. 4.7 Cyclic voltammograms recorded at 25 mV/s of the Pt/TiOx/C 






























 Pt/TiOx/C prepared by route 1
 Pt/TiOx/C prepared by route 2
 Pt/TiOx/C prepared by route 3
 Pt/C
 
 Fig. 4.8 Variations of the electrochemical active surface area with the heating 
temperatures employed for the Pt/TiOx/C prepared by various routes and Pt/C.117
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Fig. 4.8. The as-prepared Pt/TiOx/C samples show higher active surface area than Pt/C, 
which is in agreement with the literature data.15,19  The increase in the surface area could 
be explained to be due to a spreading wetting19 or the formation of new active sites at the 
Pt/oxide interface.15 Without heat treatment, the sample prepared by route 2 has higher 
surface area than those prepared by other routes, which leads to higher electrocatalytic 
activity (Fig. 4.3 and 4.4). However, heating causes changes in the active surface areas, 
and the change is reflected in the observed electrocatalytic activities as can be seen by a 
comparison of the trends in Fig. 4.4 and 4.8. For example, the sample prepared by route 1 
shows the highest surface area after heating at 500 ˚C among all the samples studied (Fig. 
4.8), which leads to the highest activity in Fig. 4.4. This could be partly due to the less 
grain growth seen in Fig. 4.2 on heating the sample prepared by route 1 at 500 ˚C 
compared to the samples prepared by the other two routes and the formation of new 
active sites after heat treatment in a reducing atmosphere.  
It is well known that the Pt particles coarsen on heating at high temperature, which 
causes a decrease in the surface area and activity. The addition of TiOx, however, 
changes the effect of heat treatment on the electrochemical characteristics such as 
electrochemical active surface area (Fig. 4.8), charge transfer resistance (Fig. 4.6), and 
catalytic activity (Fig. 4.4) at least in the case of the sample prepared by route 1.  The 
different trends in the variations of active surface area with heating temperature for the 
various samples in Fig. 4.8 may be related to several factors such as differences in the 
cleaning effect of the surface oxide on Pt,12 modification in the electronic structure of Pt 
by the interaction with the TiOx oxide 20-22 resulting in changes in the adsorption 
characteristics,23 and changes in particle size, which will all in turn depend on the 
synthesis route adopted and the initial particle and surface characteristics. While the 
cleaning effect will increase the surface area, the particle growth effect will decrease the 
surface area. 
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Fig. 4.9 Relationship between the potential loss due to methanol poisoning and the 
concentration of methanol in 1 M H2SO4 electrolyte at different current densities. 
Open and closed symbols refer, respectively, to Pt/C (as-received) and Pt/TiOx/C 
(prepared by route 1 and after heating at 500 ˚C).  Fig. 4.9 compares the potential losses experienced due to methanol poisoning for 
e Pt/TiOx/C sample prepared by route 1 followed by heat treatment at 500 ˚C and the 
-received Pt/C catalysts at various methanol concentrations and current densities. The 
tential loss values observed are higher at lower current densities for both Pt/TiOx/C and 
/C as the effect of methanol poisoning will be significant in the activation overpotential 
gion related to oxygen reduction kinetics. The potential loss values for both Pt/TiOx/C 
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and Pt/C increase with increasing methanol concentration, but the increase is more for the 
Pt/C catalyst than for the Pt/TiOx/C catalyst. The difference between the two catalysts is 
significant particularly at higher methanol concentrations (> 1 M) since the methanol 
poisoning effect on Pt will be more significant at higher methanol concentrations.  The 
smaller potential loss with the Pt/TiOx/C catalyst compared to the Pt/C catalyst is due to a 
suppression of the poisoning of the catalyst by methanol. Thus the presence of TiOx helps 
to improve the tolerance of the cathode to methanol.  
 































Fig. 4.10 Comparison of the electrochemical performances in 
DMFC single cell of the Pt/TiOx/C catalysts prepared by route 1 
and Pt/C. Anode: Pt-Ru/C with 1 mg/cm2 metal loading; cathode: 
Pt/TiOx/C or Pt/C with 1 mg/cm2 Pt loading; methanol (3 M) flow 




Some of the Pt/TiOx/C catalyst samples were also tested as cathodes in a liquid-fed 
direct methanol fuel cell, and the results are shown in Fig. 4.10. As can be seen from Fig. 
4.10, the Pt/TiOx/C samples show better performance than Pt/C, and the Pt/TiOx/C 
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sample heat treated at 500 ˚C exhibits the best performance. Although the Pt/TiOx/C 
catalysts have been reported to show improved performance in PEMFC [15], they have 
not been explored in the literature for oxygen reduction in DMFC. The observed better 
performance of the Pt/TiOx/C catalysts in DMFC could be due to both its enhanced 
activity for ORR as indicated by the half cell study in 1 M sulfuric acid (Fig. 4.3 and 4.4) 
as well as its enhanced tolerance towards the methanol that permeated from the anode to 
the cathode through the Nafion membrane as evidenced by the data in Fig. 4.9.  
Several factors may contribute to the improved performance of the Pt/TiOx/C 
catalysts compared to Pt/C. As noticed by Shim et al.15 with the Pt/TiO2/C and Pt/WO3/C 
catalysts, we find from hydrogen adsorption measurements that the Pt/TiOx/C catalysts 
have larger electrochemical active surface area than Pt/C, which may lead to higher 
activity. However, some Pt/TiOx/C catalysts show lower activity even though they have 
higher surface area than Pt/C, suggesting that other factors such as the modification of the 
surface electronic properties of Pt by metal oxides may play a role as has been reported 
before in the literature.20-22 Chemical interactions between Pt and TiOx could alter the 
electron density in the d orbitals of Pt and thereby enhance the catalytic activity toward 
ORR. Change in the d electron density by alloying with other metals is known to 
influence the oxygen adsorption behavior and the catalytic activity.24 However, the 
catalytic activity decreases on raising the annealing temperature to 900 ˚C despite the 
formation of the ordered Pt-Ti alloy (Fig. 4.1), which may be due to the significant 
increase in particle size (Fig. 4.2). Additionally, the enhanced tolerance of Pt/TiOx/C to 
methanol compared to Pt/C (Fig. 4.9) may contribute to the improved performance of 
Pt/TiOx/C in DMFC. The presence of oxides may alleviate the poisoning by methanol of 
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the Pt sites at the cathodes, which is evident from the higher open circuit voltage (OCV) 
for Pt/TiOx/C compared to that for Pt/C. Finally, the Pt/TiOx/C catalysts prepared by 
different routes differ in their catalytic activity toward oxygen reduction, indicating that 
the preparation methods leading to differences in particle size, morphology, and surface 
area have an important influence on the catalytic activity. 
4.4 Conclusions 
Pt/TiOx/C nanocomposites have been synthesized by three different routes and 
evaluated for oxygen reduction and as cathodes in direct methanol fuel cells. Both the 
synthesis methods and heat treatment conditions are found to influence the 
electrochemical performance. Heat treatment at 500 ˚C gives the best performance while 
heating at 900 ˚C results in an increase in particle size and a consequent decline in 
electrochemical performance. Some of the Pt/TiOx/C nanocomposites exhibit higher 
catalytic activity than Pt/C, which is attributed to the increased electrochemical active 
surface area, modifications in the surface electronic properties of Pt, and enhanced 




Catalytic Activity of Pt-Ru Alloys Synthesized by a Microemulsion Method in Direct 




Binary Pt-Ru alloys are still the state-of-the-art catalysts for methanol oxidation in 
DMFC. The enhanced activity of Pt-Ru compared to Pt for methanol oxidation has been 
attributed to both electronic1 and bi-functional effects.2 The bi-functional effect involves 
the adsorption of oxygen containing species on Ru atoms at lower potentials, which 
promotes the conversion of CO to CO2 on Pt.  Various approaches such as impregnation,3 
colloidal,4-7 and carbonyl precursor8 methods have been adopted in the literature to 
prepare highly dispersed Pt-Ru/C catalysts.  Recently, microemulsion methods have also 
been investigated to prepare Pt-Ru/C catalysts,9,10 and the samples obtained by this 
method have been found to exhibit higher activity than the commercial Pt-Ru/C for 
methanol oxidation in a mixture of sulfuric acid and methanol9 and activity comparable 
to the commercial Pt-Ru/C for hydrogen oxidation in proton exchange membrane fuel 
cells (PEMFC).10 However, the evaluation of the Pt-Ru/C catalysts prepared by the 
microemulsion method in practical DMFC condition is not available in the literature to 
the best of our knowledge. Additionally, no information is available on the influence of 
synthesis conditions such as the ratio of surfactant to water and heat-treatment on the 
electrochemical performance. The advantage of microemulsion method is the ability to 
control particle size easily by varying the synthesis conditions.  We present in this 
chapter the synthesis of Pt-Ru/C by the microemulsion method, influence of the synthesis 
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conditions on the particle size and microstructure, and an evaluation of their catalytic 
activity in half cells and single cell DMFC.  
5.2 Experimental 
The Pt-Ru/C catalysts were prepared by a reverse microemulsion (reverse micellar) 
method using sodium bis(2-ethylhexyl)sulfosuccinate (AOT) as the surfactant and 
heptane as the oil phase.9 One microemulsion solution was prepared by mixing 
chloroplatinic acid (H2PtCl6), ruthenium chloride (RuCl3), AOT, dionized water, and 
heptane under constant stirring for 2 h. The Pt:Ru atomic ratio in this solution was kept at 
1:1.  The other microemulsion solution was prepared by mixing a sodium hydroxide 
solution of the reducing agent sodium borohydride (NaBH4) with a desired pH value, 
AOT, deionized water, and heptane under constant stirring for 2 h. The molar ratio of 
water to AOT was kept the same in both the solutions for a given sample synthesis, but 
the ratio was varied from one sample to another to study the influence on the particle 
size. After stirring the two microemulsion solutions separately for 2 h each, they were 
kept in an ultrasonic bath for 15 min and then mixed together under constant stirring for 2 
h. To this mixture, appropriate amount of carbon (Vulcan XC-72R) to give a metal (Pt-
Ru) loading of 20 wt% in C was then added under constant stirring for another 2 h. The 
supported catalyst thus formed was filtered, washed copiously with ethanol, acetone, and 
deionized water, and dried in an air oven at 110 oC overnight. In order to study the effect 
of heat-treatment on catalytic activity, the samples were also heated at 100 and 500 oC for 
1 h in a mixture of 10 % H2-90 % Ar.  
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Structural characterizations were carried out with X-ray diffraction. The average 
grain size of the Pt-Ru catalysts were calculated from the line broadening of the X-ray 
diffraction peaks using the Scherrer equation. The morphology of the catalysts was 
characterized with a high resolution transmission electron microscope (HRTEM). 
Compositional analysis of the catalysts was carried out by energy dispersive spectroscopy 
(EDS) in SEM. 
The glassy carbon (GC) electrodes preparation for half cell measurements were 
prepared as described in section 2.3.1.2 of chapter 2.  The half cell data were collected 
using a three-electrode cell assembly with a mixture of 1 M sulfuric acid and 1 M 
methanol as the electrolyte, the GC electrode prepared as the working electrode, saturated 
calomel electrode (SCE) as the reference electrode, and platinum mesh as the counter 
electrode. For the linear sweep voltammetry and chronoamperometry experiments 
corresponding to the oxidation of methanol, the electrolyte was purged with nitrogen gas 
for 2 h. AC impedance tests were carried out in the frequency range of 100 kHz to 5 mHz 
and an AC sine wave amplitude of 10 mV.  
The membrane-electrode assembly (MEA) for DMFC was prepared as described in 
chapter 2 using Nafion 115 membrane (C.G. Processing). The electrochemical 
performances in DMFC were evaluated with Pt-Ru/C (metal loading: 1mg/cm2) as the 
anode and commercial Pt/C (Alfa Aesar, 20 wt. % Pt on C with a Pt loading of 1mg/cm2) 
as the cathode using a commercial fuel cell test system (Compucell GT, Electrochem 
Inc.) and a single cell test rig with 5 cm2 active geometrical area. Galvanostatic 
polarization studies were conducted at 70, 80 and 90 ˚C by circulating 3 M aqueous 
methanol at the anode and feeding humidified oxygen gas at the cathode. A commercial 
sample of Pt-Ru/C (ETEK, 20 wt. % Pt-Ru on carbon with a Pt:Ru atomic ratio of 1:1) 
was also examined for comparison. 
5.3 Results and discussion   




















Fig. 5.1 shows the X-ray diffraction patterns of the Pt-Ru/C catalysts prepared by 
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Fig. 5.1 X-ray diffraction patterns of Pt-Ru/C prepared by the reverse microemulsion 
method with different pH values of the NaBH4 solution. The samples were prepared 
with a water to AOT molar ratio of 10. e Pt-Ru/C reflections are not well defined at pH = 11, the intensity of the reflections 
crease on lowering the pH to 8. This could be related to the differences in the reducing 
wer of NaBH4 at different pH values. The ability of NaBH4 to release hydrogen 
creases as the pH value increases,14 and the reducing power of NaBH4 at pH = 11 may 
t be strong enough to produce well-defined Pt-Ru. Therefore, the pH of the NaBH4 
lution was kept at 8 for the subsequent experiments discussed below.  
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Fig. 5.2 shows the X-ray diffraction patterns of Pt-Ru/C prepared by the reverse 
microemulsion method with various molar ratios (W) of water to AOT. Excepting for W  


































Fig. 5.2 X-ray diffraction patterns of Pt-Ru/C prepared with various water to AOT 
molar ratios (W). For a comparison, the X-ray diffraction pattern of Pt/C is also 
shown.  
=  4, the samples show well defined diffraction peaks corresponding to Pt-Ru. In 
addition, the diffraction peaks shift slightly to higher angles compared to that of Pt, 
indicating a lattice contraction arising from the substitution of smaller Ru for Pt. The lack 
of formation of well defined Pt-Ru at W = 4 could be due to the very small water pool 
diameter, affecting the nucleation and growth of Pt-Ru. The particle sizes of Pt-Ru were 
calculated from the X-ray diffraction data, and their variations with W are shown in 
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Figure 5.3.  The particle size increases initially with increasing W and becomes nearly 


































close Fig. 5.3 Effect of water to AOT molar ratio (W) on the particle size of Pt-Ru/C.128
Fig. 5.4 shows the TEM images of the Pt-Ru/C prepared by the reverse 
emulsion method. As seen in Fig. 5.4a, the nanoparticles are predominantly 
rical and they are dispersed uniformly on carbon.  The lattice fringes and the Fourier 
formation image shown in Fig. 5.4b confirm the presence of crystalline Pt-Ru. 
ental analyses of the Pt-Ru particles by EDS analysis indicate a Pt:Ru molar ratio of 









Fig. 5.4 High resolution TEM images of Pt-Ru/C prepared with a water to AOT 
molar ratio, W = 10:  (a) at low magnification and (b) at high magnification. The 
inset in (b) shows the Fourier transformation of the image.  








































Fig. 5.5 Linear sweep voltammetry data of the Pt-Ru/C catalysts in a 
mixture of 1 M sulfuric acid and 1 M methanol at room temperature. The 
samples were prepared with various water to AOT molar ratios (W). 
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Fig. 5.5 compares the linear sweep voltammetry data of the Pt-Ru/C samples 
obtained by the reverse microemulsion method with that of the commercial Pt-Ru/C 
(ETEK) catalyst. As can be seen, most of the Pt-Ru/C samples prepared by the 
microemulsion method show better activity for methanol oxidation than the commercial 
Pt-Ru/C. However, the sample prepared with W = 4 shows poorer activity than the 
commercial Pt-Ru/C, which could be related to the lack of formation of well defined Pt- 
Ru as evident in Figure 5.2. For the samples prepared with W > 4, the activity initially 
increases with W, reaches a maximum at W = 10, and then decreases. While the initial 
increase could be related to the increasing particle size as seen in Fig. 5.3, the decrease in 
activity for W > 10 may be related to an increasing agglomeration resulting from a higher 
water content in the synthesis medium.  






































Fig. 5.6 Chronoamperometry data collected for 1 h at 0.5 V vs. SCE for the Pt-
Ru/C catalysts in a mixture of 1 M sulfuric acid and 1 M methanol at room 



































































































































































Fig. 5.7 Ac impedance plots of the Pt-Ru/C catalysts recorded at different 
potential (vs. SCE) values. The samples were prepared with various water to 
AOT molar ratios (W) or obtained from ETEK. 131
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Fig. 5.6 compares the chronoamperometry data of the Pt-Ru/C samples prepared by 
the microemulsion method with that of the commercial Pt-Ru/C sample. The samples 
prepared with 4 < W < 16 show higher current density and better stability than the 
commercial sample, and the sample prepared with W = 10 shows the highest current 
density and the best stability. The low current density of the samples prepared with W = 4  
and 16 could be due to the lack of formation of well defined Pt-Ru in the former case and 
the possible agglomeration of particles in the latter case as discussed earlier. 
Fig. 5.7 compares the impedance data collected at various potentials.  As can be 
seen, the Nyquist plots consist of mainly semicircles, whose diameters shrink with 
increasing potential values, suggesting that the semicircles are associated with the charge 
transfer resistance for methanol oxidation. The impedance data reveal that the Pt-Ru/C 
samples prepared by the microemulsion method show lower charge transfer resistance 
than the commercial Pt-Ru/C, which is consistent with the linear sweep voltametry 
results.  
Fig. 5.8 summarizes the effect of particle size on the catalytic activity of the Pt-
Ru/C samples prepared by the microemulsion method for methanol oxidation. The data 
indicate that the maximum mass activity with a minimum charge transfer resistance for 
methanol oxidation occurs around a particle size of 5.3 nm.  The effect of particle size on 
the catalytic activity of Pt for methanol oxidation has been investigated by several groups 
in the literature.14-17 While Attwood et al.14 found the maximum specific activity at a 
particle size of 3 nm, Watanabe et al.15 did not find a particle size effect.  Recent 
investigations16, 17 show a sharp decline in specific activity below 4.5 nm and an approach 
to a limiting value above 5 nm. It has also been reported18 that the maximummass activity 
for Pt-Ru/C at 65 oC occurs at 60 wt % metal on carbon with a metal particle size of ≥ 6 
nm. Thus the optimum particle size seems to depend on the synthesis method and carbon 
support used. 




















































Fig. 5.8 Variations of the mass activity at 550 mV (vs. SCE) and charge transfer 
resistance at 300 mV (vs. SCE) with particle size for the Pt-Ru/C catalysts 
prepared by the microemulsion method. The mass activity plotted is per mg of Pt-
Ru metal loading. Fig. 5.9 shows the effect of heat treatment in a mixture of 10 % H2 - 90 % Ar 
sphere on the catalytic activity. As can be seen, the heat treatment decreases the 
lytic activity of Pt-Ru/C for methanol oxidation. Several factors can contribute to this 
t. The data in Fig. 5.9 indicate that the particle size increases slightly on heating at 
er temperatures (500 oC), which leads to a deviation of the particle size from the 
al value (5.3 nm) and hence a decrease in the activity for the sample prepared with 
 8. However, the particle size (5.5 nm) becomes closer to the optimal value on 
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heating the sample prepared with W = 6 at 500 oC, but its activity also decreases with 
heating temperature. This suggests that other factors such as surface compositional 
changes on heating may also play a role. It has been reported that heat treatment in H2 
atmosphere decreases the activity of Pt-Ru/C for methanol oxidation compared to that in 
air 19 due to an enrichment of the surface by Pt and Ru, respectively, in H2 and air 
atmospheres. It is possible that a similar change resulting in an enrichment of the surface 
by Pt on heating in a mixture of H2-Ar may also play a role in the present case, leading to 
a decrease in catalytic activity. 
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Fig. 5.9 Variations of the catalytic activity (current density at 550 mV 
vs. SCE) and particle size with heating temperature for the Pt-Ru/C 
catalysts prepared by the microemulsion method. 
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Fig. 5.10 Comparison of the galvanostatic polarization characteristics at various 
temperatures of the Pt-Ru/C catalysts prepared by the microemulsion method (W 
= 10) with that obtained from ETEK as anodes in single cell DMFC. The data 
were collected with a Pt-Ru loading of 1 mg/cm2 in the anode and Pt loading of 1 
mg/cm2 in the cathode. The open and solid symbols refer, respectively, to the Pt-
Ru/C catalysts obtained by the microemulsion method and from ETEK.   The Pt-Ru/C samples prepared by the microemulsion method were also tested in 
FC. Fig. 5.10 compares the performances of the Pt-Ru/C samples prepared by the 
roemuslsion method with that of the commercial Pt-Ru/C catalyst. As can be seen, the 
ples prepared by the microemulsion method show better performance than the 
mercial sample, which is in agreement with the results of our half cell study. The 
ter performance of the samples prepared by the microemulsion method could be due to 




Nanostructured Pt-Ru/C catalysts have been synthesized by a reverse 
microemulsion method and their particle size could be varied from 3 to 6 nm by varying 
the molar ratio of water to the surfactant. Some of the Pt-Ru/C catalysts obtained by this 
method are found to show higher catalytic activity than the commercial Pt-Ru/C catalyst. 
The Pt-Ru sample prepared with a water to surfactant molar ratio of 10 is found to exhibit 
the maximum activity with the lowest charge transfer resistance with a particle size of 
around 5.3 nm. The better performance of the samples prepared by the microemulsion 
method is attributed to a better control of the particle size, crystallinity, and 
microstructure. The study demonstrates that the catalytic activity of the Pt-Ru/C catalysts 




High Performance Membrane-Electrode Assemblies with Ultra-low Pt Loading for 




With an objective to lower the cost, alternative electrocatalysts1-10 as well as 
reduction in the size of Pt particles11-13 have been pursued over the years in the literature. 
Another strategy that has been pursued to lower the cost is the improvement in the 
utilization of Pt by optimizing the membrane-electrode assembly (MEA) structure.  
Recently, the Pt loading has been reduced from 4 mg/cm2 to < 0.1 mg/cm2 by developing 
new methods to fabricate the MEAs.12,14-18
Various approaches to fabricate MEAs that can improve the utilization of Pt have 
been reported in the literature. One approach is to adopt a thin-film method to fabricate a 
thin catalyst layer on the membrane. The MEAs prepared by the thin-film method have 
demonstrated high performance with low Pt loadings.12,14,15 It has been found that when a 
Nafion-impregnated and PTFE-bound catalyst layer is replaced with a thin-film catalyst 
layer, the active area increases from 22 to 45 %.19 There are typically two methods to 
prepare a thin-film catalyst layer on the membrane.  One method is to use a “decal 
transfer” process in which the catalyst layer is cast onto a PTFE blank and the catalyst 
layer is then decaled onto the membrane.14,20 The other method is to directly coat the 
catalyst layer onto the membrane.12, 20 In the latter method,12 the Nafion solution, catalyst, 
glycerol, and water were uniformly mixed and coated directly onto the Nafion membrane 
(in the Na+ form). The coated membranes were then heated under vacuum at about 160 
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oC to evaporate the solvent. The catalyzed membranes thus obtained were ion exchanged 
to the H+ form by boiling in dilute H2SO4. The second method has been shown to provide 
higher performance than the first method since it provides a better ionic connection 
between the membrane and the ionomer in the catalyst layer.20
We present here a modified thin-film method (hereafter referred to as MTF method) 
to fabricate MEAs with ultra-low Pt loading. This method involves a mixing of the 
supported catalyst with Nafion solution and water without adding any additional organic 
solvent, and a heat-treatment of the coated MEA at lower temperatures (<100 oC). This 
method is not only simpler and more economical, but also offers high performance even 
with Pt loadings of as low as 0.05 mg/cm2 at both the anode and cathode.  
6.2 Experimental 
The catalyst ink was prepared by mixing the commercial Pt/C (20 wt % Pt on 
carbon, Alfa Aesar), Nafion solution (5 wt. % solution, Dupont), and deionized water; the 
ratio of Pt/C to Nafion was 7:3.18 The catalyst was first wetted with a small amount of 
deionized water to prevent any catalyst burning, followed by an addition of the Nafion 
solution, stirring for a few minutes, dilution with some deionized water, ultrasonic 
blending for 40 min, and stirring for 30 min. This process offered a quite viscous mixture, 
and the solid material did not separate from the liquid easily. The catalyst ink thus 
prepared was kept under continuous stirring before applying onto the Nafion 115 
membrane (C.G. Processing). The membranes were pre-treated before applying the ink 
for 1 h each with 5 % H2O2 solution and 0.2 M NaOH solution, and the treated 
 139
membranes were washed with deionized water and dried under vacuum at 60 oC for about 
15 min.  
The membrane-electrode assembly was fabricated by painting a layer of the catalyst 
ink directly onto one side of the pretreated dried membrane, followed by heating under 
vacuum at 80 oC for 1 h to dry the ink. The reverse side of the membrane was also then 
subjected to a similar process to achieve the anode and cathode catalyst layers on the 
membrane. The Pt loadings on the anode and the cathode were kept the same for each 
MEA. Although it has been reported15 that the painted area gets distorted on heating the 
MEA at higher temperature (>160 oC), no obvious distortion of the painted area was 
observed in the present study, which could be due to the lower temperature (80 oC) used 
or the elimination of the use of other organic solvents that cause a swelling effect.  The 
catalyzed membranes were finally rehydrated and ion-exchanged to the protonated form 
by immersing them in lightly boiling 0.5 M H2SO4 for about 2 h.  
Uncatalyzed gas diffusion electrodes, which were used as the gas diffusion backing 
for the thin film catalysts layer, were prepared by a method described elsewhere.10  
Vulcan XC-72R carbon black, solvent (mixture of water and isopropyl alcohol), and 30 
wt. % PTFE were ultrasonically blended and applied onto a teflonized carbon cloth, 
followed by drying under vacuum at 300 oC for 1 h. The prepared backing was inserted in 
place during the installation of the MEA into a single cell test rig without hot pressing. 
For a comparison, a MEA was also prepared by a conventional method. A mixture 
consisting of the Pt/C catalyst, solvent (mixture of water and isopropyl alcohol), and 
Nafion (5 wt. % solution, Dupont) was painted onto the uncatalyzed gas diffusion 
electrodes and sintered in a vacuum oven at 90 oC for 30 min; the ratio of Pt/C to Nafion 
was kept around 7:3 as in the previous procedure. The MEA was then fabricated by uni-
axially hot-pressing the anode and cathode thus prepared onto a pretreated Nafion 115 
membrane (in the H+ form) at 130 oC for 2 min. 
The performances of the MEAs were evaluated with a commercial fuel cell test 
system and a single cell test rig. Galvanostatic polarization studies were conducted at 
various cell temperatures with humidified hydrogen and oxygen gas reactants. Short term 
durability tests of the MEAs were also carried out at a constant current density. 
Morphologies of the MEAs after performance evaluation were investigated with scanning 
electron microscope (SEM). 
6.3 Results and discussion   
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 Fig. 6.1 Comparison of the electrochemical performances of the MEAs with 
various Pt loadings. The wt./area values in the legend refer to the Pt loading. 
While the MEA 1 was prepared by the conventional method, all others were 
prepared by the modified thin films method. The data were collected with a cell 
and humidifier temperatures of 80 oC and a hydrogen and oxygen pressures of, 
respectively, 2.6 and 2.7 atm. 140
 141
Fig. 6.1 compares the performances of the MEAs with various amounts of Pt 
catalyst loading. The MEA with a Pt loading of 0.4 mg/cm2 (hereafter denoted as MEA 
1) was prepared by the conventional method, and all other MEAs were prepared by the 
modified thin film (MTF) method.  The MEAs prepared by the MFT method show 
significantly higher cell voltage even with a Pt loading of as low as 0.05 mg/cm2 
(hereafter denoted as MEA 5) compared to MEA 1. The MEA with a Pt loading of 0.1 
mg/cm2 (hereafter denoted as MEA 4) exhibits the best performance among all the MEAs 
studied. At higher Pt loading, a larger mass transfer barrier resulting from a thicker 
catalyst layer leads to a larger electronic impedance and performance loss. On the other 
hand, when the Pt loading is too low, the electrode kinetics can become slow, resulting in 
a performance loss as well. Consequently, the optimal thickness of the catalyst layer is 
found to be near a Pt loading of 0.1 mg/cm2, which is close to what has been reported in 
the literature.18 However, the performance loss is not significant when the Pt loading is 
reduced from 0.1 to 0.05 mg/cm2. It has been reported that the performance of the MEA 
decreases significantly when the Pt loadings are reduced to 0.07 12 or 0.04 mg/cm.2,16 The 
difference between our results and those in the literature may be due to the differences in 
the MEA preparation method. It is interesting to note that the MEA 5 (Pt: 0.05 mg/cm2) 
exhibits higher performance than that reported in the literature for a similar Pt loading 
and operating condition.12, 16
The utilization efficiency of Pt is shown in Fig. 6.2, in which the polarization 
curves from Fig. 6.1 are plotted with the specific activity (A/mg of Pt) as the abscissa.  
The MEAs prepared by the MTF method show significantly higher utilization efficiency 
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Fig. 6.2 Comparison of the cathode specific activities (per mg of Pt) of the MEAs 
with various Pt loadings. The membrane designations in the legend and the gas 
pressures are same as in Fig. 6.1.  an the conventional MEA with a Pt loading of 0.4 mg/cm2 (MEA 1). The MEA with a 
05 mg/cm2 (MEA 5) shows the highest utilization efficiency. This observation is 
ightly different from a previous literature report12 in which the utilization efficiency of a 
EA prepared by the thin film method with a Pt loading of 0.07 mg/cm2 was found to be 
mparable to that of a MEA prepared by the conventional method with  0.12 mg/cm2. 
his difference in the relationship between the utilization efficiency and Pt loading may 
 due to the differences in the preparation procedures. Baking the MEAs at lower 
mperatures may be beneficial to achieve high performance thin catalyst layers as the 
ermal stresses encountered during fabrication will be lower. It is interesting to note that 
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the MEA 5 shows slightly higher utilization efficiency than that reported in the 
literature12 under similar conditions. 
The effect of cell temperature on the performances of the MEAs is shown in Fig. 
6.3.  The cell potential increases with increasing cell temperature for all the MEAs 
excepting for MEA 5; with MEA 5, the performance at 90 oC is worse than those at 70 or 
80 oC. The parameters for the oxygen reduction kinetics at various temperatures are given 
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Fig. 6. 3 Effect of cell temperature on the performance of the various MEAs that 
were prepared by the modified thin film method. The membrane designations in 






Table 6.1 Effect of cell temperature on the electrode kinetics of the oxygen reduction 











j at 800 mV 
(mA/cm2) 
MEA 1 0.40 80 959 47 0.36 172.5 
MEA 2 0.25 60 922 64 0.22 78.5 
  70 930 55 0.22 102.1 
  80 933 47 0.22 127.8 
  90 937 47 0.24 147.0 
MEA 3 0.20 60 915 58 0.25 56.0 
  70 931 58 0.23 77.9 
  80 932 55 0.21 107.8 
  90 934 54 0.19 108.7 
MEA 4 0.10 60 934 60 0.24 86.9 
  70 938 60 0.20 110.1 
  80 940 53 0.21 133.8 
  90 942 50 0.20 135.9 
MEA 5 0.05 60 938 64 0.22 71.3 
  70 937 60 0.22 85.2 
  80 939 45 0.24 92.3 
  90 940 46 0.30 58.5 
n Table 6.1. The parameters E0, b and R were evaluated by a non-linear least-squares 
itting of the following equation,11, 16
144
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E = E0 – b log j- Rj                         (1) 
where 
   E0 = Er – b log j0                                           (2) 
and Er is the reversible cell potential, b is the Tafel slope, j0 is the exchange current 
density for the oxygen reduction reaction, and R is the total contribution of the linear 
polarization components including the charge transfer resistance for hydrogen oxidation, 
electrolyte resistance, and diffusion resistance. From the data in Table 6.1, MEA 1 which 
has the highest Pt loading (0.4 mg/cm2) exhibits the highest current density at 800 mV (j 
at 800mV) and E0. This may be due to the higher number of Pt sites available for the 
oxygen reduction reaction with the higher Pt loading, resulting in a better performance at 
the low current density region. However, at the higher current density region (see Figure 
1), the MEAs prepared by the MTF method shows better performance, which may be due 
to the smaller mass transfer overpotential in the thinner electrodes.   
The effects of cell temperature on the current density at 800 mV (j at 800 mV) are 
plotted in Fig. 6.4a. The activity for the oxygen reduction reaction increases with 
increasing cell temperature excepting for MEA 5, which is consistent with the trend in 
Fig. 6.3. It is known that the electrode reaction kinetics will be enhanced with an increase 
in the temperature, resulting in an improvement in the cell performance. The exception 
for the MEA 5 with 0.05 mg Pt/cm2 may be due to the ineffectiveness of the humidifier 
with increasing cell temperature. A plot of the cell resistance (R) with cell temperature in 
Fig. 6.4b shows that the cell resistance increases with increasing cell temperature for 
electrode thickness and morphology and the consequent variations in water transport and 
thermal field distribution. 
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Fig. 6.4 Effects of cell temperature on the (a) current density at 800 mV (j at 800mV) 
and (b) cell resistance R for the various MEAs prepared by the modified thin film 
method. The membrane designations in the legend and the gas pressures are same as in 
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Fig. 6.5 Effect of the humidifier temperature on the maximum power density of the 
various MEAs prepared by the modified thin film method. The membrane designations 
in the legend and gas pressures are same as in Fig. 6.1. The first and second temperature 
values in each case refer, respectively, to the anode and cathode gas humidifier 
temperatures. 
The effect of humidifier temperature on the maximum power density is shown in 
Fig. 6.5. As can be seen, the effect of humidifier temperature becomes more pronounced  
at higher cell temperatures (90 oC). In addition, the effect of humidifier temperature on 
the performance is more significant for the MEA 5 that has a thinner catalyst layer, which 
could be understood as below. The humidified gas fuel can diffuse through the thinner 
catalyst layers more easily than through the thicker layers, and therefore, the 
humidification condition of the MEAs with a thinner catalyst layer may change easily 
with the changes in the humidifier temperature. As a result, the performance of the MEA 
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5 is more sensitive to the humidifier temperature, and the power density could be 





































































Fig.6.6 Comparison of the (a) maximum power density and (b) specific power 
density values for the various MEAs at a cell temperature of 90 oC. The membrane 
designations and the gas pressures are same as in Fig. 6.1.  
Fig. 6.6a shows the maximum power density achieved with the various MEAs. The  
highest power density achieved is 714 mW/cm2 for the MEA 4, which is the highest 
value ever reported for in PEMFC with such a low Pt loading and Nafion 115 membrane. 
The specific power density (maximum power density divided by the total amount of Pt in 
the anode and cathode) values for the various MEAs are shown in Fig. 6.6b. All the 
MEAs prepared by the MTF method show significantly higher specific power density 
than the MEA 1 prepared by the conventional method. The MEA 5 shows the highest 
specific power density of 6.1 W/cm2 per mg of Pt (or 0.16 g Pt/kW), which is attractive 
with respect to cost saving by significantly reducing the Pt loading in the MEA.  
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Fig. 6.7 Short-term durability test data collected at 600 mA/cm2 for the MEA 5 (Pt 
loading: 0.05 mg/cm2) prepared by the modified thin film method. The data were 
collected with a cell and humidifier temperatures of 80 oC and a hydrogen and 
oxygen pressures of, respectively, 2.6 and 2.7 atm.  
Fig. 6.7 shows the results of short-term durability test for MEA 5.  The cell voltage 
ially increases and then becomes stabilized within an hour. No significant loss in cell 
ential is observed at least for 12 h of operation. It has been reported15 that the 
ximum power density of the MEAs prepared by the thin-film method degrades by less 
n 10% after an operation of over 4000 h. However, further durability test with longer 
e is needed in order to evaluate the long-term stability of the MEAs fabricated in the 
sent study.  
The morphologies of some MEAs were evaluated by SEM after the performance 
luation in the fuel cell. Fig. 6.8a shows the SEM images of the cross section of the 
A 1 prepared by the conventional method. The interfaces between the membrane and 
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Fig 6.8 (a) SEM image showing the cross section of the MEA 1 prepared by the 
conventional method after testing in the fuel cell, (b) SEM image showing the 
surface morphology of the MEA 5 prepared by the modified thin film method 
after the durability test, and (c) SEM image showing the cross section of the 
MEA 5. 
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the electrodes can be observed in the image. It can be noticed that there is an obvious gap 
at the interface between the membrane and electrodes, which may due to the thermal 
expansion mismatch between the membrane and electrodes occurring during the cycles of 
turning on and shutting down the fuel cell. In fact, the thermal expansion mismatch often 
leads to a delamination of the electrodes from the membrane and degradation in the 
performance. The surface morphology of the MEA 5 after the durability test is shown in 
Fig. 6.8b. The corresponding cross section is shown in Fig. 6.8c, in which the interface 
between the membrane and the catalysts layer was confirmed by the line scan of elements 
across the interface. As can been seen, the catalyst layer is uniform and the thickness is 
about 3 µm. Furthermore, the interface between the membrane and the catalyst layer is 
continuous and there is no observable gap between the membrane and the catalyst layer. 
These may be some of the reasons for the high performance and good stability of these 
MEAs prepared by the MTF method.  
6.4 Conclusions 
High performance MEAs with ultra-low Pt loadings have been achieved by 
employing a modified thin film method involving low processing temperatures (< 100 
oC). The best performance is achieved at a Pt loading of 0.1 mg/cm2 with a maximum 
power density of 714 mW/cm2 using 20 wt. % Pt/C and Nafion 115 membrane. Also, the 
performance loss is not significant even when the Pt loading is reduced to as low as 0.05 
mg/cm2. The MEAs show high Pt utilization efficiency with a high specific power 
density of 6.1 W/cm2 per mg of Pt (or 0.16 g Pt/kW) and good durability. The MEAs are 
also characterized by a good uniformity and interfacial continuity between the membrane 
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and the electrodes. The study demonstrates that the Pt loading in PEMFC could be 
reduced significantly by innovative processing procedures, offering significant cost 
savings and enhancing the commercial feasibility of the fuel cell technology more 





With an aim to improve the electrocatalytic activity of Pt based electrocatalysts 
for oxygen reduction and methanol oxidation in proton exchange membrane fuel cell 
(PEMFC) and direct methanol fuel cell (DMFC) and to reduce the cost of 
electrocatalysts, various nanostructured Pt alloys and composites have been investigated 
systematically in this dissertation to understand the relationships of electrochemical 
properties to structure, composition, and synthesis methods. 
Carbon-supported Pt-M (M = Fe, Co, Ni and Cu) alloy catalysts have been 
synthesized by high-temperature procedures for oxygen reduction in PEMFC. Pt-Co 
alloys thus obtained have the ordered Pt3Co or PtCo type structures or the disordered Pt 
type structure depending on the Co content. Structural analysis of the products after 
annealing at various temperatures 500 ≤ T ≤ 900 oC for 1 h suggests the ordering to be 
maximized for an annealing temperature of around 650 oC. Ordered PtFe and disordered 
PtNi and PtCu alloys have also been prepared. Structural analysis of PtFe after annealing 
at various temperatures 500 ≤ T ≤ 900 oC for 1 h indicates the ordering to be maximized 
for an annealing temperature of around 600 oC. Evaluation of the Pt-M alloy catalysts for 
oxygen reduction in proton exchange membrane fuel cells indicates that the alloys with 
the ordered structures have higher catalytic activity with lower polarization losses than Pt 
and the disordered PtM alloys. With the ordered phases, the activity increases with the 
extent of ordering. The enhanced catalytic activity is related to an optimal structural and 
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electronic features consisting of optimum number of Pt and M nearest neighbors, d-
electron density in Pt, atomic configuration on the surface, and Pt-Pt distance.  
The electrocatalytic activity of the Pt-M alloys for oxygen reduction has also been 
found to depend on the synthesis methods. Nanostructured Pt-M alloy catalysts prepared 
by a low temperature (70 °C) reduction procedure with sodium formate show improved 
catalytic activity towards oxygen reduction compared to pure platinum. Among the 
various alloy catalysts prepared by this method, the Pt-Co catalyst shows the best 
performance with the maximum catalytic activity and minimum polarization occurring at 
a Pt:Co atomic ratio of around 1:7. While mild heat treatments at moderate temperatures 
(200 °C) improve the catalytic activity due to a cleaning of the surface oxides, annealing 
at elevated temperatures (900 °C) degrade the activity due to an increase in particle size.  
Pt-M/C (M = Fe and Co) catalysts have also been synthesized by a microemulsion 
method. The Pt-M alloy catalysts synthesized by the microemulsion method show higher 
electrochemical active surface area than those prepared by the high temperature 
procedure, and some of them exhibit improved catalytic activity towards oxygen 
reduction compared to pure Pt. Among the various alloy catalysts and synthesis methods 
investigated, the Pt-Co/C catalyst prepared by the microemulsion method and the high 
temperature method using ammonium hydroxide shows the best performance with the 
maximum catalytic activity and minimum polarization loss. Mild heat treatment of the 
catalysts prepared by the microemulsion method at moderate temperatures (200 °C) in 
reducing atmosphere is also found to improve the catalytic activity due to a cleaning of 
the surface and an increase in the electrochemical surface area.   
 155
Methanol tolerant Pt/TiOx/C nanocomposites have been synthesized by solution 
based procedures for oxygen reduction in DMFC. The electrochemical performance has 
been found to be influenced by both the synthesis methods and heat treatment conditions. 
The best performance is obtained after heat treatment at 500 ˚C, while heating at 900 ˚C 
results in a decline in electrochemical performance due to an increase in particle size.  
The higher catalytic activity of Pt/TiOx/C nanocomposites compared to Pt in DMFC is 
attributed to the increased electrochemical active surface area, modifications in the 
surface electronic properties of Pt, and enhanced tolerance to methanol permeated from 
the anode to the cathode through the Nafion membrane.  
Nanostructured Pt-Ru/C catalysts with different particle sizes have been 
synthesized by a microemulsion method for methanol oxidation in DMFC. Some of the 
Pt-Ru/C catalysts prepared by the microemulsion method show higher catalytic activity 
for methanol oxidation than the commercial Pt-Ru/C (ETEK) catalyst. It is found that the 
samples prepared with a water to surfactant molar ratio (W) of 10 exhibits the maximum 
mass activity with the least charge transfer resistance with an optimum particle size of 
around 5 nm. The mass activity decreases and the charge transfer resistance increases as 
the value of W decreases or increases from 10. 
With an aim to improve the electrocatalyst utilization in PEMFC and reduce the 
overall cost, high performance membrane-electrode assemblies (MEAs) with ultra-low Pt 
loadings have been prepared by a modified thin film method. The method involves a 
mixing of the carbon supported Pt catalyst with Nafion solution without adding any 
additional organic solvents and a processing of the MEAs at lower temperatures (< 100 
oC). The MEAs thus fabricated show high Pt utilization efficiency and power density. 
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The best performance is achieved with a Pt loading of 0.1 mg/cm2 using a 20 wt. % Pt/C. 
Moreover, the performance loss is not significant even when the Pt loading is reduced 
further to as low as 0.05 mg/cm2.  A power density of 714 mW/cm2 and a specific power 
density of 6.1 W/cm2 per mg of Pt have been achieved, respectively, with a Pt loading of 
0.1 and 0.05 mg/cm2 employing Nafion 115 membrane. The MEAs also exhibit good 
stability.  
Future work may focus on a combination of theoretical understanding of the 
structure-properties relationships, development of optimal synthesis methods, and 
fabrication of high electrocatalyst utilization MEA. X-ray photoelectron spectroscopy 
(XPS) and X-ray adsorption spectroscopy (XAS) studies combined with theoretical 
modeling will help to determine quantitatively the surface and electronic structures of the 
Pt alloys. Ordered Pt alloys exhibited higher catalytic activity for oxygen reduction than 
less ordered or disordered alloys, but ordered phases are difficult to form at low 
temperatures. Investigation of low temperature synthesis procedure to prepare ordered Pt 
alloys with small particle size may be beneficial to improve the catalytic activity further. 
Also, fabrication of high electrocatalyst utilization MEAs with Pt alloys can further 
improve the performance and reduce the cost of electrocatalyst in PEMFC. Finally, when 
fuel cells operate at higher temperature (120~150 oC), non-Pt based electrocatalysts may 
become more active. Successful development of non-Pt catalysts can make the fuel cell 
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